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ACTIVATION AND REGULATION OF

PROTEASE-ACTIVATED RECEPTORS

Matthew J. Ludeman

Abstract

Cells respond to circulating proteases such as thrombin through Protease

activated receptors, or PARs, a type of G-protein-couple receptor activated by proteolytic

cleavage of their N-terminal exodomains. In addition to human PAR1's relatively well

known role in hemostasis as a mediator of platelet activation, PARs in general now also

appear to be involved in a number of other physiological and developmental events.

Understanding the mechanisms involved in the ability of these receptors to respond to

proteases at the cellular and molecular level is an important step towards a better

understanding of their physiological function in vivo. In the first part of this thesis

project we showed that insertion of a portion of the mouse PAR3 exodomain which

included the “hirudin-like” region into the exodomain of mouse PAR4 significantly

enhanced the sensitivity of mPAR4 to thrombin. We further demonstrated that specific

point mutations in thrombin dramatically decreased observed activity towards human

PAR1, which possesses a hirudin-like domain, but not towards PAR4, which lacks this

motif. These findings provide evidence for the importance of the hirudin-like domain



and the relevance of mouse PAR3 and human PAR1 in platelet activation. In the second

part, we directed our attention specifically to human PAR1 function in endothelial cells

and identified and characterized a novel proteolytic event in which PAR1's N-terminal

exodomain was “shed” from the cell surface by a membrane-associated metalloproteinase

in a regulated manner. Cell surface ELISA assays showed that this cleavage event

resulted in the loss of functional domains necessary for PAR1’s ability to respond to

thrombin, suggesting that this event may represent a novel mechanism of receptor

regulation. Lastly, using a new method we developed in the shedding study to measure

PAR1 cleavage with an enzymatic reporter, we showed that a novel putative activator of

PAR1, APC, was approximately 10° ro 10° times less potent than thrombin as an activator

of PAR1. These and other functional data suggested that PAR1 is probably not a

physiologically relevant target for APC and thus not likely involved in APC-mediated

protective effects observed in vivo as has been hypothesized by others. Together these

findings further our general understating of protease-activated receptor function at the

cellular and molecular level and provide useful clues as to the overall physiological

relevance and mechanisms of action of these receptors in the body.
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Chapter I

INTRODUCTION

Various cell types have long been known to exhibit responses to thrombin, a

circulating serine protease best known, not as a signaling molecule, but rather for its role

in hemostasis as a key player in the coagulation cascade. In 1991, a human cell surface

receptor for this protease was isolated and cloned by this lab (1). In addition to this

original thrombin receptor, now known as PAR1, for Protease-activated receptor-1, two

more thrombin receptors, PAR3 and PAR4, were subsequently identified, as was a fourth

family member, PAR2, which shares both structural and functional homology, but

responds to trypsin, trypsin-like proteases and coagulation cascade factors other than

thrombin (2-6). The identity of the true physiological activator or activators of PAR2 is

still not known, and while there is general agreement that thrombin fits this description

for PARs 1,3 and 4, it is noteworthy that various other proteases have also been shown to

be capable of activating these receptors in vitro (7–10). Exactly where each of the

individual PARs is expressed in the body, and the entire scope of their individual and

shared functions is an ongoing area of intense study in this and many other labs.

The PARs make up a small subfamily of the 7- transmembrane, G protein

coupled receptor (GPCR) family, the largest of the cell surface receptor “super-families.”

As of 1998, close to 2,000 different GPCRs had been described (11).



All GPCRs have a serpentine structure consisting of an N-terminal extracellular

domain, or exodomain, of varying length, seven intervening transmembrane domains

connected by extracellular and cytoplasmic loops and an intracellular C-terminal domain

(Fig. 1). Additionally, all GPCRs are associated cytoplasmically with small

heterotrimeric G proteins, which are responsible for intracellular signal transduction upon

receptor activation by an extracellular ligand.

GPCRs are important in a vast array of physiological and developmental

functions and pathologies in the organism. Embryonic tissue differentiation,

neurotransmission in the adult central nervous system, perception of light and hemostasis

are but a small sample of the important biological events that involve members of this

receptor family. As such, activating ligands for the GPCR family are extremely diverse,

ranging in structure and size from cations to lipid moieties to large glycoproteins (11).

These ligands typically interact with extracellular loops and/or the transmembrane barrel

like core of the body of the receptor and induce conformational changes in the receptor

that give rise to activation of the cytoplasmically associated G proteins. In the case of

some GPCRs, the ligand may be “guided,” to varying degree, to its activation target

within the body of the receptor by interactions with the receptor's relatively flexible N

terminal exodomain (Fig. 1).

The ligand and mechanism involved in activation of PARs are quite atypical.

Essentially, an activating ligand is built into the native amino acid sequence of the

receptor's N-terminal exodomain; this ligand domain, however, is functionally “masked”

until the exodomain is proteolytically cleaved at a specific site (12). In the case of PAR1

(and PARs 3 and 4), thrombin binds to and cleaves the exodomain at the appropriate site,



and the newly exposed “tethered ligand”, located at the new extreme N-terminus of the

receptor, goes on to bind the heptahelical body of the receptor, thus activating the

receptor in cis (Fig. 2).

Thrombin is a key mediator of thrombosis and hemostasis and is present in its

zymogen (inactive) form throughout the circulation at relatively high levels (13).

Conversion of the circulating zymogen, prothrombin, to active thrombin, or alpha

thrombin, is normally a highly regulated and highly localized event (14). It occurs when

other proteases that are upstream of prothrombin in what’s known as the coagulation

cascade, become exposed to an activating factor known as “tissue factor” (TF), a cell

surface protein not normally present inside the vascular compartment (Fig. 3) (15). This

introduction of TF to circulating factors can be the result of induced surface expression of

TF on leukocytes and/or injury-induced exposure of the intravascular compartment to

surrounding tissues that constitutively express TF (such as smooth muscle or epithelia)

(16). Once activated, thrombin serves as the central effector molecule in the coagulation

cascade through its ability to directly initiate clot formation by proteolytically converting

fibrinogen to fibrin and by activating functional cell-like fragments known as platelets,

via PARs expressed on the platelet surface — fibrin and activated platelets constituting the

two main structural components of a blood clot (17).

It is known that PAR1 mediates thrombin activation of human platelets (1,18). The

observation, however, that platelets from PAR1 knockout mice responded normally to

thrombin (19) was a major impetus for the discovery of the other two thrombin receptors,

PAR3 and PAR4. In contrast to human platelets, both PARs 3 and 4 are expressed in

mouse platelets and involved in their activation, while PAR1 is not (20).



Early work in this thesis project, discussed in further detail below, began as part of a

larger study (20) in which a novel mechanism of PAR activation in mouse platelets was

discovered and characterized. Briefly, that study revealed that mPAR3 (mouse PAR3)

does not signal but instead acts as a cofactor for mPAR4, and that mPAR4 is apparently

solely responsible for thrombin-triggered signaling in mouse platelets – an unusual form

of interaction in which one GPCR acts an accessory protein for the activation of another

GPCR. In addition to the mPAR3 cleavage site, another functional domain on mPAR3,

known as the “hirudin-like” domain, was shown to play a key role in the receptor's

ability to cofactor mPAR4 (Fig. 4).

Hirudin is a naturally occurring protein that binds thrombin with high affinity and

specificity (21). While hirudin functions as a natural inhibitor of thrombin by blocking

the protease's active site, its high affinity binding and specificity are known to be partly

attributable to interactions between hirudin's C-terminal region and regions on the

thrombin molecule that lie outside of the protease's active site (22). In both mice and

humans, a hirudin-like region within the exodomain is present on both PARs 1 and 3

(amino acids 50-55, DKYEPF, in hPAR1 and 47-50, FEEFP, in mPAR3 (20.23)) but not

on PAR4 (Fig. 4). The existence of this domain was originally identified in PARs early

on by sequence homology and it was subsequently characterized in experiments using

chimeric forms of PAR1 in which small native exodomain regions were ablated or

replaced with sequence from the hirudin protein's C-terminal region (23). Functional

studies showed that this domain was important for PAR1's relatively high sensitivity to

thrombin. There is also evidence that, in addition to serving simply as a thrombin

docking site, interaction with hirudin-like sequences allosterically changes the



conformation and substrate preferences of thrombin (24). A better understanding of this

functional domain, which can be seen as a “director” of thrombin activity, will likely be

of increasing importance in areas such as rational drug design as more becomes known

about the expression patterns and specific functions of individual PARs in normal and

pathological states in vivo.

This thesis, consisting of three distinct parts presented as individual chapters,

represents the culmination of a diversified effort to advance our understanding of the

general relevance and function of protease-activated receptors and their ligands at the

cellular and molecular level.

Chapter II describes a study in which we explore the modularity of the hirudin-like

domain and its significance for PAR function by two very different approaches. In the

first part of this chapter, we engineer a novel chimeric receptor consisting of the mPAR3

hirudin-like domain inserted into the full-length mPAR4 receptor at a site comparable to

its native location in mPAR3 and examine the effects of this mutation on mPAR4's

function as a thrombin receptor.

In contrast to mouse platelets, hPAR1 (human PAR1) and hPAR4 are expressed

on human platelets and are both capable of mediating platelet activation by thrombin,

while hPAR3 does not appear to be expressed (18). In an earlier study by others in this

lab using blocking antibodies and synthetic agonist peptides, hPAR1 alone was seen to be

sufficient for normal human platelet activation, while hPAR4 could mediate platelet

activation in the absence of functional hPAR1, but only at high thrombin concentrations

(18). hPAR4 is relatively less sensitive to thrombin presumably due, at least in part, to its

lack of a hirudin-like domain. That hpAR4 simply serves as a “back-up” for hPAR1 on



platelets appears likely based upon current evidence, although it is entirely possible that

hPAR4 has other currently unknown functions in this context.

In the second part of Chapter II, we go on to explore the importance of the hirudin

like domain and putative corresponding binding regions on the thrombin molecule by

examining the relative activity of mutant thrombin proteins (generated and described

previously by collaborators Hall and Leung, Stanford University Medical School,

Stanford, CA (25) towards human PARs 1 and 4, heterologously expressed in stable cell

lines.

While relatively little is currently known about PAR3 and PAR4 beyond their

function (or lack thereof) on mouse and human platelets, PAR1 has been implicated in

thrombin’s ability to elicit responses in a wide variety of cell types in both mice and

humans, including endothelial, hematopoietic and neuronal cells, to name just a few (see

Coughlin, 2000 for review (17)). Cell shape change, expression and secretion of various

factors, cell motility and broad gene induction are examples of effects known to be

elicited in cells by PAR1. Some combination of these and perhaps other effects are

thought to play a role in physiological events such as hemostasis, embryonic

development, tissue survival, inflammation and/or immunological responses.

One of the more specific known cellular effects of PAR1 activation is the

downstream proteolytic release or “shedding” of other transmembrane proteins from the

cell surface (26). This inducible event, which can be triggered by a wide variety of

GPCRs in addition to PAR1, is known to involve the activation of downstream

membrane-associated metalloproteases, often referred to as “sheddases” (27). While the

physiological relevance of many, if not most, shedding events is still unclear, PAR1



triggered release of growth factors has been shown to be an important mechanism for

mitogenic signal generation and cell migration in cultured primary cells and may be

involved in pathological states such as atherosclerosis (28). Additionally, the broad cell

biological question of how proteolysis on the cell surface is regulated by intracellular

signals has been an interesting open question.

Chapter III describes how a study initially intended to answer this question, using an

in vitro system with substrates recombinantly “tagged” with an enzymatic reporter to

measure sheddase activity, lead to the discovery and characterization of a potential novel

regulatory mechanism in which the PAR1 receptor itself is shed by a metalloprotease

from the cell surface in a regulated manner.

An additional result of our efforts described in Chapter III, was the development

of an efficient, highly sensitive method for measuring PAR1 activation in live cultured

primary cells (Human Umbilical Vein Endothelial Cells, or HUVECs). This new

experimental tool clearly had potential applications beyond the study described in

Chapter III. And, indeed, an opportunity arose, primarily as a result of a

contemporaneous publication by another group, for us to use this new method in

conjunction with other more conventional methods to shed light on an emerging question

with significant biological as well as clinical implications. Specifically, an important and

somewhat controversial study describing the activation of PAR1 by a protease, activated

protein C (APC), not previously thought to target the receptor, was published while

experiments in chapter III were ongoing (29). Significantly, recombinant human APC

had also recently been approved for use as a therapeutic in the treatment of sepsis (30), a

leading cause of mortality in U.S. hospitals; and around this time, a convergence of



results from a number of in vitro and in vivo studies had given rise to a hypothetical

model in which protective effects observed with APC were attributed to the protease's

ability to activate PAR1 on endothelial cells (31,32). Such a model was paradoxical,

however, since APC is a known anti-coagulant that actually down-regulates the

production of thrombin (the cognate PAR1 activator) as part of a negative feedback loop

(Fig. 3) (33). Furthermore, conversion of the zymogen protein C to APC is known to

occur on the endothelial cell surface and is directly mediated by thrombin itself, which is

an extremely potent activator of PAR1 (33).

In light of these facts, it seemed unlikely to us that APC was a physiologically

relevant ligand for PAR1. Chapter IV, therefore, describes how we used the system for

measuring PAR1 activation developed in Chapter III, in combination with other methods,

to evaluate how APC activation of endothelial cell PAR1 in vitro compared to that of

thrombin, both quantitatively and qualitatively, in ways that might be relevant to in vivo

protective effects.
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Figure 3: Thrombin function and regulation. The generation of active
thrombin (oT) results from activation of upstream proteases in the coagulation
cascade (CC) by exposure to Tissue Factor (TF). Once activated, thrombin
cleaves fibrinogen to generate fibrin and activates PARs on platelets and on
endothelial cells. Thrombin also binds thrombomodulin (TM) on the endothelial
cell surface and converts Endothelial Cell Protein C Receptor (EPCR)-bound
protein C to activated protein C (APC). APC in turn, down modulates thrombin
production by inactivating proteases upstream of thrombin in the coagulation
cascade. It has been hypothesized that physiological activation of PAR1 by APC
can also occur in this setting.
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exodomain of hPAR1, mPAR3 and mPAR4. Note hirudin-like sequence
(underlined) present in hPAR1 and mPAR3 but not mPAR4 (“■ ” indicates
thrombin cleavage site).
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Chapter II

ABSTRACT

Protease-activated receptors, or PARs, mediate signaling in cells and platelets

when cleaved and activated by the coagulation cascade protease, thrombin. Elucidating

the mechanisms involved in their function at the cellular and molecular level is an

important step toward a better understanding of the physiological role they play in

development, hemostasis and other events in vivo. The substantial overlap in patterns of

expression and function that exists within this receptor family is perhaps best exemplified

by platelets, a pseudo-cell type in which PARs have been studied extensively. Human

platelets express PARs 1 and 4, and both are capable of mediating platelet activation,

although in the case of the latter, only with relatively high concentrations of thrombin.

Mouse platelets express both PAR3 and PAR4, and while loss of functional mPAR3

(mouse PAR3) reduces mouse platelet sensitivity to thrombin, mPAR3 does not appear

capable of signaling. As part of a larger effort to explain this observation, we generated a

mutant form of mPAR4 into which exodomain sequence from mPAR3 containing the

thrombin-binding “hirudin-like” domain had been inserted. This chimeric receptor,

dubbed “mpAR4Hir,” displayed significantly enhance sensitivity to thrombin as

measured by both receptor cleavage and intra-cellular signal response generation. This

finding supported the model being tested, in which mPAR3 serves as a thrombin-binding

cofactor for mPAR4, which is ultimately responsible for signal generation in platelets by

thrombin. Such a hirudin-like domain is also found in mouse and human PAR1, but not

13



in PAR4 of either species. We went on to further explore the importance of this domain

and putative corresponding binding domains in the thrombin molecule using mutant

forms of the protease and heterologously expressed wild-type human forms of PAR1

(hPAR1) and PAR4 (hPAR4). We saw a substantial decrement in activity towards

hPAR1, but not hPAR4, with mutations that targeted thrombin’s exosite I. These finding

were consistent with a model in which: thrombin-triggered human platelet activation is

typically accomplished through PAR1, rather than PAR4 (which may serve a “back-up”

role), due to PAR1's relatively high sensitivity to thrombin which is attributable, at least

in part, to interactions between receptor/protease binding domains.

14



RESULTS

Work by others in this lab revealed that mPAR3's hirudin-like domain and cleavage

site together were necessary and sufficient for mPAR3's ability to function as a cofactor

for mPAR4 (Fig. 4) (20). Specifically, mutant forms of mPAR3 in which the hirudin-like

domain (residues 47-49, FEE) (Fig. 4) or thrombin cleavage site had been replaced with

random or (in the case of the latter) “uncleavable” sequence, exhibited a substantially

reduced ability to enhance mPAR4 activation by thrombin; while a chimreic protein

consisting of the complete mPAR3 N-terminal exodomain fused to an unrelated, inert

transmembrane “stalk” derived from CD8 was indistinguishable from wild-type mPAR3,

in terms of it’s ability to promote mPAR4 activation. Based on these observations, one

would predict that insertion of the mPAR3 hirudin-like domain into the appropriate

location in mPAR4 would result in a “gain-of-function” mutation to mPAR4, with

respect to its sensitivity to thrombin. In addition to enabling us to test this prediction

about the hirudin-like domain in cell-based assays, (assuming the prediction were found

to be correct) the mutant mPAR4 receptor described above would also have potential use

as a reagent for mPAR4 gain-of-function studies in vivo (by way of a targeted gene

“knock-in” approach). Thus, I recombinantly generated a chimeric receptor, dubbed

“mPAR4Hir,” which consisted of the mPAR3 hirudin-like domain and flanking sequence

(mPAR3 residues 44-69) inserted into full-length mPAR4 between residues 65 and 66

15



(see Materials and Methods section) and tested this mutant’s ability to function as a

thrombin receptor.

When N-terminally FLAG-tagged forms of the receptors were transiently expressed

in COS7 cells, mPAR4Hir was seen to be cleaved by thrombin much more robustly than:

mPAR4; mPAR3 or; mPAR4 co-expressed with mPAR3 (un-FLAG-tagged) (Fig. 5A).

As determined by relative EC50s, mPAR4Hir cleavage by thrombin was at least 100 fold

more efficient than thrombin cleavage of wild-type mPAR4. Similarly, thrombin’s

ability to induce intracellular signal responses was between 10 and 100 times more potent

in cells expressing mPAR4Hir versus wild-type mPAR4 (Fig 5B). Such results provided

further supporting evidence for the model in which mPAR4's sensitivity to thrombin on

mouse platelets is significantly enhanced by thrombin’s interaction with the hirudin-like

domain of the mPAR3 receptor.

We next went on to examine the functional importance of the hirudin-like domain

by looking at the effects of targeted mutations in the thrombin molecule on the protease's

relative activity towards human PARs 1 and 4.

Collaborators Hall and Leung had previously used an alanine-scanning mutagenesis

approach in a study to identify distinct thrombin domains involved in interactions with

several “non-PAR” substrates (25). We screened a subset of the original mutant library

(consisting of mutants in which 79 highly exposed charged or polar thrombin residues

had been mutated to alanine) for activity toward hPAR1 and hPAR4 stably expressed in

RAT1 fibroblast cells (Table 1). Results from an earlier X-ray crystallographic structural

study by others indicated that residues in exosite I of the thrombin molecule interacted

with residues of the hirudin-like region of the hPAR1 exodomain, suggesting a shared

16



functional role for these domains in protease/substrate binding and perhaps cleavage (34).

If such interactions were indeed relevant in the context of full-length surface expressed

PARs, one would expect that mutations to thrombin’s exosite I would affect the

protease’s ability to cleave hpAR1 (which possesses a hriudin-like domain)

disproportionately to its ability to cleave hPAR4 (which lacks this motif).

In good correlation with the model suggested by the structural study, of the 15

thrombin mutants we screened, we observed a striking reduction in activity towards

hPAR1 in thrombin molecules where amino acids within exosite I had been mutated

(Table 1). A similar loss of activity was not observed, however, when these same

mutants were assayed for their ability to cleave hPAR4, suggesting that the observed

effect likely involved the hirudin-like domain. While we did also observed that hPAR4

cleavage was disproportionately affected by thrombin mutation E229, there is evidence

suggesting that this effect could be attributable to mutation-dependent allosteric changes

in the protease (see Discussion section).

17



DISCUSSION

In the interim between the completion of our experiments described above and the

publication of this thesis, others in this lab demonstrated that deletion of the mPAR4 gene

resulted in complete loss of thrombin mediated signaling in mouse platelets, providing

genetic confirmation that mPAR3 acts solely as a cofactor for mPAR4 in this context

(35).

Thus, the findings we now present here are consistent with and add to working

hypotheses supported by previous studies regarding the functional domains involved in

activation of PARs by thrombin. First, they provide supporting evidence that the hirudin

like domain in mPAR3 acts as an important thrombin-binding domain and that it

contributes to mPAR4's sensitivity to thrombin in mouse platelets. Beyond this, our

findings also demonstrate that the hirudin-like domain in mPAR3 is modular, in that it

can confer enhanced thrombin sensitivity to another receptor, in this case mPAR4, not

only in trans, but also in cis when “built into” that receptor. This finding is particularly

interesting in light of the fact that, while the hirudin-like domain in human PAR1 has

been shown to be essential for that receptor's own high sensitivity to thrombin, insertion

of hPAR1 hirudin-like domain sequence into the appropriate site in hpAR4 failed to

confer enhanced thrombin sensitivity to this new form of the hPAR4 receptor in a

recently published study by others (36). Additionally, in experiments (not shown) for our

18



study on mouse PAR3/PAR4 cofactor mechanism, I observed that while co-expressed

mPAR3 did promote thrombin cleavage of human PAR4, co-expression of either human

PAR1 or human PAR3 did not. Hirudin-like sequences have been shown to not only bind

thrombin, but to also alter the protease's substrate preference, apparently by inducing

allosteric changes in the thrombin molecule and it is reasonable to speculate that such a

mechanism may contribute to the effects of mPAR3's hirudin-like domain on thrombin

function observed here. In any event, an apparently unique modularity and cofactoring

ability of mPAR3's hirudin-like domain has been demonstrated and may prove to be

exploitable as a tool in future studies using chimeric receptors to gain a finer understating

of how receptor activation is mediated by thrombin and perhaps other proteases.

In the second part of this chapter, we used the full-length forms of hPAR1 and

hPAR4 expressed on the cell surface and a set of previously characterized thrombin

mutants as a means to identify domains important for cleavage in the protease/receptor

pairs. Mutation to the exosite I domain dramatically reduced thrombin’s ability to cleave

hPAR1, but had virtually no effect on hPAR4 cleavage. Such observations, in addition to

the lack of any other, substantial general trends seen in this study, are consistent with a

model in which: thrombin mediated activation of human platelets typically occurs

through hPAR1 rather than hPAR4, due to hPAR1's higher sensitivity to thrombin which

is attributable, at least in part, to interactions between h;2AR1's hirudin-like domain and

thrombin’s exosite I domain.

With one thrombin mutant, E229, there was a substantially greater decrement in

activity towards hPAR4 compared to hPAR1. This specific mutation has previously been

shown to cause allosterically driven changes in thrombin substrate preferences (37) and
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such an effect may underlie the relatively high loss of activity towards hPAR4 observed

here. Such allosteric effects may also be responsible for the slight but discernable similar

discrepancy between shifts in activity seen with the exosite II mutants as a group (~ 2

times higher increase in EC50 for hPAR4 versus hPAR1 cleavage activity) (38).

Alternatively, exosite II has been shown to interact with heparin and GP1bo on platelets,

and it is possible that similar factors are present on the surface of COS7 cells and

function as thrombin-binding cofactors, in a manner preferential, to some degree, for

hPAR4 cleavage (39.40).

Scenarios involving a signaling or cofactor role for GP1b complexes on platelets

have been suggested by other groups (41,42). Experiments conducted in this lab,

however, have consistently failed to demonstrate the existence of cofactors for either

hPAR1 or hPAR4, using co-expressed candidate proteins; nor have we found any

evidence of a mechanism for thrombin-meditated platelet activation that does not involve

PAR activation (data not shown, Sulciner and Coughlin, unpublished data and (35)). As

well, additional studies would clearly be necessary before the results presented here could

be used as evidence for the existence of a cofactor or cofactors for human PARs.
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MATERIALS AND METHODS

Reagents. Human alpha-thrombin was from Enzyme Research Laboratories (South

Bend, IN). M1 anti-FLAG monoclonal antibodies and routine reagents were from

Sigma (St. Louis, MO) unless otherwise noted. Horseradish peroxidase-conjugated goat

anti-mouse antibodies were from Bio-Rad (Hercules, CA). Cells, cell culture media,

supplements and buffers were from the University of California Cell Culture Facility

unless otherwise specified.

Cells and Cell Culture. All cell culture and incubations were conducted at 37°C in a 5%

CO2, humidified atmosphere. Culture medium was Dulbecco's modified Eagle's

medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 pg/ml

streptomycin, and 2.5 pg/ml fungizone. For steps calling for serum-free medium and for

assay incubations, medium was as above with 15 mM HEPES added and 0.1% bovine

serum albumin in place of fetal bovine serum.

Mutant Thrombin Proteins. Fifteen mutant forms of human thrombin were from an

original library generated by Hall et al., in which codons for 79 polar and charged surface

residues (residues are numbered consecutively from the start of the thrombin B chain, 1

259) were mutated to alanine by oligonucleotide-directed mutagenesis, and were

expressed and purified as described previously (25).
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Measurement of Surface Receptor Levels and Receptor Cleavage. All constructs

expressed, unless indicated, were “FLAG-tagged” at the amino terminus (see “Receptor

Plasmid cDNAs” below) and anti-FLAG antibody (M1) was used to measure receptor

surface expression levels. Since the FLAG epitope is removed by thrombin cleavage and

the amount of bound antibody detected (as described below) varies linearly with the

amount of surface-expressed epitope, loss of surface FLAG from treated versus untreated

cells was also used as a measure of thrombin activity levels.

Stably transfected or transiently transfected cells plated in 24 well dishes were

washed once and serum deprived overnight within 24 hours of transfection, or within 48

hours of plating, in the case of stable cell lines. The following day, cells were washed

once and treated with varying concentrations of thrombin, mutant thrombin or media

alone for 15 minutes at 37°C (for surface expression determination in mouse PAR

signaling experiments, this incubation step was omitted). At room temperature, cells

were then: washed once and fixed for 5 minutes in 4% paraformaldehyde; washed twice

then incubated with M1 antibody (2.5 pg/ml) in assay medium for 1.h; washed twice and

incubated with horseradish peroxidase-conjugated goat anti-mouse secondary anti-body

(1:1000) for 30 minutes in assay medium then washed three times (PBS was used for the

final rinse). Immediately following the final wash, the cells were incubated with the

horseradish peroxidase substrate 1-Step ABTS (2, 2’-azino-bis-3-ethylbenz-thiazoline-6-

sulfonic acid) (Pierce, Rockford, IL). After approximately 10 minutes, an aliquot was

removed and the optical density was read at 405 nm using a Molecular Devices

microplate spectrophotometer (Molecular Devices, Menlo Park, CA).
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For cleavage and signaling assays with mouse PARs, COS7 cells were transiently

transfected using 0.25 pig of cDNA per well (24 well plates) (exceptions noted in

“Phsophoinositide (PI) Hydrolysis Assays” section below) and Lipofectamine-PLUS

(Invitrogen, Carlsbad, CA) according to manufacturer's instructions.

For cleavage assays with human PARs and mutant thrombins, the relevant cDNAs

encoding human PAR1 and human PAR4 in the mammalian expression vector pHJ1 with

N-terminally displayed FLAG epitopes have been described (43). Rat1 cell lines [“WT5

10” (human PAR1) and “R1:hp4–33” (human PAR4)] stably transfected with these

cDNAs as previously described (44) were used. Each mutant thrombin was assayed with

control wild-type thrombin at least once in duplicate. Dose/response curves were

generated form observed cleavage activity at the following concentrations: 0.2, 2 and 20

nM (for hPAR1 cleavage); and 2, 20 and 200 nM (for hPAR4 cleavage). Approximate

EC50's were derived from the curves generated and compared.

Phosphoinositide (PI) Hydrolysis Assays. Two days after transient transfection in 24

well tissue culture plates, cells were washed twice with serum-free DME and labeled with

['H]-myoinositol (2 p.Gi/ml) in inositol-free, serum free media overnight. The following

day, cells were washed once and incubated for an additional 2 hours in serum-free media

with 20 mM LiCl containing varying concentrations of thrombin or media alone.

Accumulated inositol phosphates were measured as described (43). In an effort to

achieve comparable surface expression levels in these studies, the amount of mPAR4

cDNA transfected in one experiment was reduced from the normal 0.25 p to 0.125 pi/well

and the amount of mPAR4Hir cDNA transfected in another was raised from 0.25 p to 0.5
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pg/well. Expression levels observed for mPAR4Hir, however, were still approximately

50% and 20% (respectively) lower than those observed for mPAR4 in these experiments.

Signal response levels were presented as fold over basal level signaling for each receptor.

Receptor Plasmid cDNAs. cDNAs encoding mouse PAR3, PAR4 and the mutant

mPAR4Hir (described below) were in the mammalian expression vector, pHJ1, and,

except in the case of (uf)mPAR3, contained the FLAG epitope, DYKDDD, displayed at

their amino termini as described (20). mPAR4Hir was generated as follows: two

complementary oligonucleotides were synthesized (Genemed Synthesis, South San

Francisco, CA) and annealed to generate a synthetic insert consisting of codons for

mPAR3 residues 44-69, flanked 5’ by codons for mPAR4 residues GKF with a terminal

Smal site and 3’ by codons for mPAR4 residues CANDSDTLE with a terminal Sac1

site; sequence between the Smal (5') and Sacl (3') sites within mPAR4 were excised

from a cDNA encoding full-length mPAR4 in pBJ1 (described above) and replaced with

the synthetic insert. The predicted amino acid sequence of the product is: ...PGKF

QNTFEEFPLSDIEGWTGATTTIKAE-CAND... where: italics indicates wild-type

mPAR4 sequence, with F and C representing amino acids 65 and 66, respectively; dashes

(“-") represent junctions; and the intervening sequence in normal font represents residues

44-69 from mPAR3. The sequence in and around the mutated region was confirmed by

dideoxy sequencing.
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Figure 5: Mutant receptor cleavage and Phosphoinositide hydrolysis in response to
thrombin. A, COS7 cells expressing FLAG epitope-tagged (see methods and materials)
mPAR4Hir, mPAR3, mPAR4 and mPAR4 with (u■ )mPAR3 (uf = un-flagged) were incubated in
assay medium with or without thrombin at the indicated concentrations for 15 minutes. The
cells were then fixed and the level of un-cleaved FLAG-tagged receptor on the surface was
determined. Results are presented as fraction of receptor lost, with expression levels of
untreated cells for each transfection condition serving as zero and observed background of
untransfected cells serving as 1.0. Pooled data (means +/- S.E., n = 2 or 4) from two replicated
experiments are shown. B, Cells as in A, expressing the indicated constructs, were incubated
with thrombin or blank media at the indicated concentrations for 2 hours and protease-induced
[*H]-inositol phosphate accumulation in the presence of lithium chloride was determined.
Results [average of means with range indicated by error bars (n=4)] are presented as fold
increase over basal signaling in untreated cells and represent pooled data from two replicate
experiments.
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TABLE 1

Cleavage activities of purified mutant thrombins

(domain)

Exosite l

K65

H66

R68

Y71

Exosite ll
R989/R93/ES4

R98

R245/K248/Q251

R245

K248

Sodium Loop
E229

R233

W50. Insertion Loop
W50

Misc.
K1 06/K107
R73
K77

"Fold increase in EC50 for mutant relative to wild-type thrombin

hPAR1 hPAR4

Cleavage". Cleavage".
EC50 mut./wt

40x

50X

90x

40x

5x

2x

2x

4x

0.4x

7X

20x

30x

2x

1 x

EC50 mut./wt

4x

4x

5x

6X

9x

6x

7X

8x

0.4x

40x

30x

90x

2x

2x
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Chapter III

REGULATED METALLOPROTEINASE-MEDIATED SHEDDING

OF PAR1 N-TERMIANL EXODOMAIN FROM CELLS: A

POTENTIAL NOVEL REGULATORY MECHANSIM

ABSTRACT

G protein-coupled receptors can trigger metalloproteinase-dependent shedding of

proteins from the cell surface. We report here that G protein-coupled receptors can

themselves undergo regulated metalloproteinase-dependent shedding. The N-terminal

exodomain of PAR1 displayed regulated shedding in endothelial cells, which normally

express this receptor. Cleavage occurred at a site predicted to render the receptor

unresponsive to thrombin. A chimeric protein in which the N-terminal exodomain of

PAR1 was fused to an unrelated transmembrane segment was shed as efficiently as

PAR1, shedding of both proteins was stimulated by phorbol ester and by a PAR1 agonist.
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TAPI-2, phenanthroline and TIMP-3 but not TIMP-1 or -2 inhibited such shedding.

These and other data suggest that the information that specifies PAR1 shedding resides

within its N-terminal exodomain rather than its heptahelical segment, that activation of

protein kinase C or of PAR1 itself can stimulate PAR1 shedding in trans, and that

ADAM17/TACE or a metalloproteinase with similar properties mediates PAR1 shedding.

Regulated shedding reduced the amount of cell surface PAR1 available for productive

cleavage by thrombin by half or more, but thus far we have been unable to demonstrate

an effect of PAR1 shedding on cellular responsiveness to thrombin. Nonetheless,

regulated shedding of G protein-coupled receptors represents a new mechanism by which

signaling by this important class of receptors might be modulated.
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RESULTS

G protein-coupled receptors including PAR1 can stimulate cleavage and

"shedding" of the extracellular domains of a number of integral membrane proteins.

Several such cleavage events are mediated by membrane-bound metalloproteinases of the

ADAMs (A Disintegrin And Metalloprotease) family (27). For example, ADAM17

(a.k.a. TNF-alpha converting enzyme or TACE) mediates cleavage and release of HB

EGF from cells, and HB-EGF shedding can be activated by PAR1 and other GPCRs

(26,45). Regulated shedding of cell surface proteins may be important for embryonic

development (46,47) leukocyte-vessel wall interaction (46,48), and other functions that

involve release of the exodomains of growth factors and cytokines, adhesion molecules,

receptors, and other integral membrane proteins from the cell surface (49-55).

In addition to being the main thrombin receptor on human platelets, PAR1 is also

the main thrombin receptor on vascular endothelial cells, and activation of endothelial

PAR1 by thrombin and related proteases triggers a host of signaling responses that may

participate in inflammation and contribute to embryonic development (56-59).

In the course of beginning to probe the signaling pathways by which PAR1

controls the shedding of other cell surface proteins, we noted that a chimeric protein in

which the N-terminal exodomain of PAR1 was used to tether alkaline phosphatase to the

cell membrane displayed regulated shedding (Fig. 6). The possibility that the N-terminal
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exodomain of PAR1 might be subject to shedding in the context of the receptor itself was

of interest given the mechanism by which PAR1 is normally activated (Fig. 2).

Thrombin recognizes and cleaves the N-terminal exodomain of PAR1 between Arg41

and Ser42. This cleavage event generates a new receptor N-terminus that serves as a

tethered peptide ligand that docks with the receptor’s heptahelical segment to cause

transmembrane signaling and G protein activation (1). In accord with this model,

deletion of PAR1's N-terminal exodomain in a manner that removes the tethered ligand

by either mutation or proteolysis renders PAR1 insensitive to thrombin (60-64). We

therefore investigated the possibility that regulated shedding of the N-terminal

exodomain of PAR1 by cleavage C-terminal to the tethered ligand might occur and its

possible significance for regulation of PAR1 function.

To study GPCR-regulated shedding, we generated a number of vectors to direct

expression of chimeric proteins in which secreted alkaline phosphatase (AP) was fused to

the extracellular N-terminus of a transmembrane protein. Among these was AP-ATE

CD8, a chimeric protein in which secreted alkaline phosphatase was fused to the N

terminal exodomain of PAR1, which was in turn joined to the transmembrane domain of

CD8 (Fig. 6). The resulting protein tethered alkaline phosphatase to the cell surface via

PAR1's N-terminal exodomain such that proteolytic cleavage of that domain by thrombin

released alkaline phosphatase into the culture medium. AP-ATE-CD8 was intended for

use in developing an assay for regulated shedding with thrombin cleavage acting as a

positive control. As expected, treatment of CHO cells transfected with AP-ATE-CD8

with 10 nM thrombin led to a rapid increase in soluble alkaline phosphatase activity in

the culture medium, with over 90% of cell surface alkaline phosphatase being released
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within 10 minutes. Virtually no alkaline phosphatase activity was released from

untransfected cells. Surprisingly, we also noted that exposure of AP-ATE-CD8

expressing CHO cells to the protein kinase C activator phorbol 12-myristate 13-acetate

(PMA) triggered the appearance of alkaline phosphatase activity in the medium (Fig. 7).

The increase in soluble alkaline phosphatase activity was linear for approximately 60

minutes after addition of PMA, and peak activity at this time ranged from 50-100% of

that released by thrombin. Concentrations of the thrombin inhibitor hirudin that

completely blocked thrombin-induced shedding had no effect on PMA-induced shedding

(not shown), suggesting that AP-ATE-CD8 was being cleaved by a protease other than

thrombin in this system. PMA is known to trigger shedding of the exodomains of

integral membrane proteins by a metalloproteinase-dependent mechanism. Indeed, the

metalloproteinase inhibitors TNF-alpha protease inhibitor-2 (TAPI-2), 1,10

phenanthroline (1,10-PA), and tissue inhibitor of metalloproteinase-3 (TIMP3) blocked

PMA-induced shedding and reduced unstimulated shedding of AP-ATE-CD8 (Fig. 7).

At the concentrations used in these experiments, neither TAPI-2 nor TIMP3 had any

effect on thrombin-induced shedding (Fig. 7 and data not shown). The serine, cysteine,

and aspartyl protease inhibitors ecotin, E-64, and pepstatin A had no effect on PMA

induced shedding (Fig. 7). Taken together, these data suggested that AP-ATE-CD8 was

undergoing regulated metalloproteinase-dependent shedding.

In contrast to TIMP3, TIMP1 and TIMP2 did not block PMA-induced shedding in

this system. This pattern of inhibitor specificity is consistent with the possibility that the

metalloproteinase responsible for AP-ATE-CD8 shedding is TACE (65). To further test

this possibility, we examined shedding in CHO-M1 cells, a CHO variant in which TACE
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biogenesis is defective (66). Both AP-ATE-CD8 and AP-PAR1, a construct in which

alkaline phosphatase was fused to the N-terminal exodomain of human PAR1 six codons

N-terminal to the thrombin cleavage site (Fig. 6), were examined. Basal shedding of AP

ATE-CD8 and AP-PAR1 in CHO-M1 cells was similar to that seen in wild-type CHO

cells, but, in contrast to wild-type CHO cells, no PMA-induced shedding was detected in

the CHO-M1 line (Fig. 8 and data not shown). Thus the N-terminal exodomain of PAR1

can undergo PMA-regulated metalloproteinase-dependent shedding in the context of the

full-length receptor just as it does in AP-ATE-CD8, and this may be mediated by TACE

or another metalloproteinase with similar inhibitor specificity and similar requirements

for proper biogenesis.

The site within PAR1 that is recognized and cleaved by thrombin as well as the

tethered ligand that triggers transmembrane signaling reside in the sequence

LDPRJSFLLRNPNDKYEPFWEDEE in the N-terminal exodomain of the receptor. This

sequence represents receptor amino acids 38 through 60; ) indicates location of the

peptide bond cleaved by thrombin and SFLLRN is the tethered ligand. To determine

whether these functionally important sequences are removed from the receptor during

shedding, we examined loss of binding sites for antibodies that recognize the carboxyl

terminal portion of this sequence containing the hirudin-like domain (peptide antigen

YEPFWEDEEKNESGLTEYC – see Materials and Methods). Loss of binding sites for

an antibody to alkaline phosphatase (AP), which is at the extreme N-terminus of the

target protein, was determined in parallel. AP-ATE-CD8 was chosen as the target protein

because, in contrast to the full-length receptor, it undergoes relatively little internalization

in response to either PMA or thrombin activation. Exposure of AP-ATE-CD8-expressing

32



CHO cells to PMA yielded a 70-80% decrease in both AP and hirudin-like sequence

binding sites, and both decreases were inhibited by TAPI-2 (Fig. 9). By contrast,

exposure to thrombin led to a virtually complete loss of the AP epitope, which is N

terminal to the thrombin cleavage site, but only an ~45% decrease in hirudin-like

sequence binding sites. TAPI-2 had no effect on thrombin-triggered loss of the AP

epitope but did partially inhibit thrombin-triggered loss of the hirudin-like sequence

epitope. The parallel decrease in the AP and hirudin-like sequence epitopes triggered by

PMA and the parallel inhibition of this decrease by TAPI-2 is consistent with

metalloproteinase-dependent cleavage of the PAR1 N-terminal exodomain at a site

carboxyl terminal to the hirudin-like sequence. By contrast, the greater loss of the AP

epitope compared to the hirudin-like sequence epitope in response to thrombin and the

insensitivity of this loss of the AP epitope to TAPI-2 is consistent with thrombin’s

cleaving the PAR1 N-terminal exodomain at the known thrombin cleavage site between

the AP and hirudin-like sequence epitopes. The partial decrease in surface hirudin-like

sequence epitope in response to thrombin may be due to some shedding due to activation

of endogenous thrombin receptors in CHO cells (see below) together with some

internalization and/or non-productive cleavage at other sites. These data suggest that

metalloproteinase-dependent cleavage of the PAR1 N-terminal exodomain occurs

between the receptor's hirudin-like sequence and the plasma membrane. Because a

receptor processed in this manner would lack a tethered ligand, it would be incapable of

mediating signaling to thrombin.

We next asked whether regulated shedding might be a general property of PAR

N-terminal exodomains. A construct analogous to AP-PAR1 was made for the other
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thrombin receptor, PAR4, which is primarily expressed on platelets. Alkaline

phosphatase activity was readily released when cells expressing the AP-PAR4 construct

were exposed to thrombin. By contrast, PAR4 exhibited low basal and PMA-induced

release of alkaline phosphatase activity compared to PAR1 (expressed as a fraction of the

total alkaline phosphatase activity released by thrombin, PAR4 showed basal and PMA

induced shedding of ~4% and ~6%, respectively, vs. -12% and ~35% for PAR1) (Fig.

10). Given that the N-terminal exodomain of PAR1 showed efficient shedding when

tethered to the transmembrane domain of CD8 or to PAR1 itself, these data suggest that

the specific amino acid sequence and/or length of the PAR N-terminal exodomains

specifies their susceptibility to regulated shedding.

The data described above raised the question of whether regulated shedding of

PAR N-terminal exodomains might serve as a mechanism for modulating PAR signaling.

Toward addressing this question, we first asked whether the N-terminal exodomain of

PAR1 undergoes metalloproteinase-dependent PMA-induced shedding in human

umbilical venous endothelial cells (HUVECs), a thrombin-responsive primary cell that

normally expresses PAR1 (67,68). Soluble alkaline phosphatase was measured in

conditioned medium from AP-ATE-CD8- and AP-PAR1-transfected HUVECs exposed

to the PAR1/PAR2 agonist SFLLRN, PMA, or thrombin for 1 hour (Fig. 11A). SFLLRN

and PMA both triggered substantial increases in soluble alkaline phosphatase activity in

the HUVEC-conditioned medium in a TAPI-2-sensitive manner. The ability of SFLLRN

to trigger shedding of the AP-ATE-CD8 construct (Fig. 11A), presumably by activating

endogenously expressed wild-type PAR1 on the cell surface, suggests that PAR and
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presumably other GPCR signaling can trigger PAR1 N-terminal exodomain shedding in

tra/1S.

To address the possibility that regulated shedding of the PAR1 N-terminal

exodomain might be an artifact of over-expression of the transfected reporter proteins, we

utilized an ELISA to detect soluble PAR1 N-terminal exodomain in medium conditioned

by untransfected HUVECs (Fig. 12). Incubation of the cells with PMA caused a TAPI

sensitive increase in soluble PAR1 N-terminal exodomain antigen in the conditioned

medium. The magnitude of the PMA-induced signal was similar to that obtained by

adding -20 pg/ml of recombinant PAR1 N-terminal exodomain to the conditioned

medium; this is consistent with ~2000 receptors per cell undergoing shedding -- a

plausible order of magnitude. The antibody used to capture the soluble PAR1 N-terminal

exodomain (ATAP2) recognizes an epitope C-terminal to PAR1's thrombin cleavage site,

and the antibody used to detect it recognizes PAR1's hirudin-like sequence (7,43). Thus

the shed fragment contains the receptor's hirudin-like sequence, suggesting that shedding

is indeed mediated by cleavage C-terminal to the latter. Taken together, these data

suggest that the PAR1 N-terminal exodomain can undergo metalloproteinase-mediated

regulated shedding in untransfected endothelial cells in a manner that might reduce the

number of receptors available for subsequent productive cleavage by thrombin.

To test the foregoing prediction, cells from the experiment described in the legend

to Fig. 11A were washed thoroughly after the 1 hour incubation with agonists then

exposed to thrombin for an additional 20 minutes. Soluble alkaline phosphatase activity

released into the conditioned medium by thrombin in this second incubation was

measured (Fig. 11B). Exposure of AP-PAR1-expressing HUVECs to thrombin during
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the initial incubation yielded cells that had virtually no remaining thrombin-releasable

alkaline phosphatase activity, and this depletion was insensitive to TAPI-2. By

comparison, exposure of cells to SFLLRN or PMA caused a sizeable but incomplete loss

(~60-70%) of PAR1 available for subsequent cleavage by thrombin. This decrease was

also seen with the ATE-CD8 construct and was substantially inhibited by TAPI-2. Thus

metalloproteinase-dependent shedding is capable of decreasing the amount of PAR1

available for productive cleavage and, presumably, activation by thrombin.

Because regulated shedding of PAR1's N-terminal exodomain would render the

receptor insensitive to thrombin, we examined signaling in response to thrombin in

HUVECs pre-incubated with PMA. Endpoints were intracellular calcium mobilization

and phosphoinositide hydrolysis. PMA pretreatment did result in decreased thrombin

responsiveness as measured by intracellular calcium flux. However, this effect was not

blocked by TAPI-2 and hence could not be ascribed to metalloproteinase-dependent

shedding of PAR1 (data not shown). Moreover, when measured by phosphoinositide

hydrolysis, thrombin signaling in HUVECs was not diminished by pretreatment with

PMA (not shown). Thrombin responses in HUVECs are PAR1-dependent (56,68,69);

thus, at face value, the level of shedding achieved under the conditions employed in our

studies is insufficient to attenuate cellular responses to thrombin, at least as measured by

intracellular calcium flux and phosphoinositide hydrolysis.
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DISCUSSION

In this study, we have demonstrated that the N-terminal exodomain of the G

protein-coupled thrombin receptor PAR1 can be shed from the endothelial cell surface in

a regulated manner. Our results suggest that TACE or a TACE-like protease mediates

such shedding. TACE is constitutively expressed by endothelial cells and is known to

mediate shedding in response to activation of GPCRs or phorbol esters (49,70).

Regulated shedding of VCAM-1 in endothelial cells was recently shown to be mediated

by TACE (48). Endothelial cells can express another ADAM that is known to be

activated by GPCR signaling, ADAM10/Kuz (71,72). However, ADAM10 is inhibited by

TIMP1 (73), which had no effect on PMA-induced shedding of PAR1 in our system.

Additionally, it was recently shown that biosynthesis of TACE, but not that of several

other surface metalloproteinases including ADAM10, was defective in a mutant cell line,

CHO-M2. CHO-M2 and the mutant cell line used in our study, CHO-M1, are of the

same genetic complementation group (with respect to shedding of the TACE substrate,

TGF-alpha) and share a lack of properly processed TACE and inability to shed numerous

known TACE substrates (66). Attempts to more directly confirm the role of TACE in

regulated PAR1 shedding using TACE-knockout cells (46) were not interpretable. No

inducible PAR1 shedding was detected in a fibroblast-like cell line derived from TACE

knockout mice, but inducible shedding was also not detected in these same cells

reconstituted with heterologously expressed TACE or in second fibroblast cell line from a

mouse in which the TACE locus had not been manipulated (data not shown) (knockout

37



cells and TACE cDNA were generously provided by Dr. Roy Black of Immunex Corp;

second cell line was from a PAR1 knockout mouse and was stably transfected with a

tagged-PAR1). This result raises the possibility that regulated shedding of PAR1 may

exhibit at least some cell type specificity.

The physiological importance of metalloproteinase-mediated shedding of PAR1's

N-terminal exodomain remains to be determined. The observations shown in Fig. 12

suggest that such shedding of native PAR1 does occur in untransfected endothelial cells.

Moreover, shedding of PAR1 appears to occur by cleavage carboxyl to the receptor's

tethered ligand and hence provides a potential mechanism for disabling the receptor. Co

expression of PAR2 and AP-PAR1 in CHO cells resulted in shedding of AP-PAR1 in

response to the PAR2 agonist SLIGRL; SLIGRL also triggered shedding of AP-PAR1

via endogenous PAR2 in COS-7 cells (data not shown). The observations that shedding

can be stimulated by an activator of protein kinase C (PMA) and by activation of PAR1

and other GPCRs raise a number of possibilities.

One might imagine that regulated shedding could provide a mechanism for

homologous desensitization by which PAR1 activation would rapidly decrease a cell's

sensitivity to thrombin, or perhaps even a mechanism for shutting off PAR1 signaling by

stimulating removal of the tethered ligand from activated receptors. Kinetic

considerations suggest that these roles are unlikely. Physiologically reasonable

concentrations of thrombin (1-10nM) cleave and activate the majority of PAR1

molecules on a cell surface within a few minutes, consistent with the rapid tempo of

many biologically important responses to thrombin. Signaling by individual PAR1

molecules is also terminated within minutes by a mechanism that depends upon receptor
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phosphorylation (74), and desensitization of cells to thrombin occurs over the same time

frame (43,56,68). By contrast, induced shedding of PAR1's N-terminal exodomain by

either PMA or by PAR1/PAR2 activation took approximately 30 minutes to reach half

maximal levels, and at 1 hour only 60-70% of receptor N-terminal exodomains were

shed. Thus shedding of PAR1's N-terminal exodomain appears to be too slow to

contribute to homologous desensitization or shutoff of signaling. In accord with this,

TAPI-2 did not alter the tempo of thrombin-induced increases in intracellular calcium in

HUVECs nor did it inhibit desensitization of this response or augment other responses

such as phosphoinositide hydrolysis or p44/42 MAPK (ERK) activation (data not shown).

One might also imagine that induced shedding of PAR1's N-terminal exodomain

would provide a mechanism for heterologous desensitization of cellular responsiveness to

thrombin. That is, thrombin responsiveness might be dampened by prior "disarming" of

a fraction of PAR1 molecules by shedding. Induced shedding did decrease the level of

PAR1 available for activation by thrombin by as much as 70% in HUVECs (Fig. 11). As

noted in the results section, we were unable to detect a substantial effect of such shedding

on signaling. This study used PMA to trigger shedding, and this agonist triggers a variety

of signaling responses that partially overlap those triggered by PAR1. Thus exposure of

cells to PMA might well augment or desensitize responses to subsequent PAR1 activation

by mechanisms independent of shedding. At face value, however, our studies suggest

that the level of PAR1 shedding achieved in cultured HUVECs is insufficient to have a

major impact on cellular responsiveness to thrombin. It is certainly possible that under

other conditions or in other cell types, a level of PAR1 shedding sufficient to decrease

thrombin responsiveness might be achieved.
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It is formally possible that shedding of the N-terminal exodomain of PAR1 from

the cell surface might provide a mechanism for generating a soluble peptide with a

signaling function, analogous to shedding of TNF-o or HB-EGF. However, micromolar

soluble SFLLRN is required to activate PAR1. Thus, the concentration of soluble

tethered ligand generated by such a mechanism would almost certainly be insufficient to

activate PAR1. Any signaling function of the released sequence would likely be novel

and PAR1-independent.

Lastly, our results demonstrate that, in addition to regulating sheddase activity, G

protein-coupled receptors can themselves be substrates for sheddases. The extent to

which this phenomenon generalizes and whether cleavage of GPCRs by sheddases is a

physiologically important modulator of signaling remains to be determined.
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MATERIALS AND METHODS

Reagents. Phorbol 12-myristate, 13-acetate (PMA), 1,10-Phenanthroline and other

reagents were from Sigma-Aldrich (St. Louis, MO) unless noted. Human alpha thrombin

was from Enzyme Research Labs (South Bend, IN). Peptide SFLLRN was synthesized

as a carboxyl terminal amide and purified by high-pressure liquid chromatography

(ANASPEC, San Jose, CA). TAPI-2 was from Peptides International (Louisville, KY).

Recombinant human TIMPs 1, 2 and 3 were from R&D Systems (Minneapolis, MN).

Ecotin, E-64 and Pepstatin A were generous gifts from Dr. Charles Craik (University of

California, San Francisco). Cells, cell culture media and supplements were from

University of California, San Francisco Cell Culture Facility unless otherwise specified.

Antibodies. Rabbit antiserum 1809, "Anti-Hirudin-like sequence antibody", was raised

against the peptide antigen YEPFWDEEKNESGLTEY (43). ATAP2, a mouse

monoclonal antibody to PAR1 N-terminal exodomain (7), was from Santa Cruz

Biotechnology (Santa Cruz, CA). Anti-Alkaline Phophatase monoclonal antibody was

from Sigma. Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse

antibodies were from Bio-Rad (Hercules, CA), except in assays for detection of soluble

native PAR1 N-terminal exodomain by ELISA, in which horseradish peroxidase

conjugated goat anti-rabbit antibodies were from Zymed Laboratories (South San

Francisco, CA).
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Plasmid cDNAs. AP-PAR1 encoded secreted human placental Alkaline Phosphatase

(SEAP) fused to human PAR1 at Ala#6 with an intervening linker region containing the

FLAG epitope (DYKDDDD). The amino acid sequence of the fusion region reads:

...AAHPGLQDYKDDDDVD-ATLDPRISFLLR... where alkaline phosphatase

sequence is underlined, (-) marks the linker junction to native PAR1 sequence shown in

bold, and () indicates the thrombin cleavage site. Additionally, sequence 5’ of SEAP

Ile18 codon had been replaced with a secretory sequence derived from Mast Cell Growth

Factor (MCF) that included a Myc epitope tag. AP-PAR1 cDNA was inserted into the

mammalian expression vector, pcDNA3, (Invitrogen) at HindIII/Not■ cloning sites.

AP-ATE-CD8 was derived from a previously described PAR1 mutant, ATE-CD8

(75). Briefly, ATE-CD8 encodes the FLAG epitope tagged human PAR1 Amino

Terminal Exodomain, up to and including residue Asp91, fused to the extracellular aspect

of CD8's single transmembrane domain at CD8 residue Ile162. To make AP-ATE-CD8,

a PCR product beginning at ATE-CD8's 5’ FLAG epitope codon and ending at the stop

codon was generated with flanking Pvull and Xbal restriction sites, respectively. The

Pvull-Xbal fragment was ligated into the eukaryotic expression vector, pCMV/SEAP

(Tropix, Bedford, MA) at the Hpal and Xbal restriction sites, resulting in a fusion

product containing the entire SEAP coding sequence (excluding the stop codon) joined

by a FLAG epitope-containing linker sequence to the PAR1 Ala36 of ATE-CD8. The

predicted amino acid sequence of the product is: ...AAHPGSDYKDDDDVD

ATLDPRISFLLRNPNDKYEPFWEDEEKNESGLTEYRLVSINKSSPLQKQLPAF

ISED-IYIWA... Labeling is as above for AP-PAR1; CD8 sequence is italicized.
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AP-PAR4 was derived from a FLAG epitope-tagged human PAR4 construct in a

manner directly analogous to AP-ATE-CD8. A PCR product beginning at the 5’ FLAG

epitope codon and ending at the stop codon was generated with flanking Pvull and Xbal

restriction sites, and the Pvu■ I-Xbal fragment ligated into pCMV/SEAP as above,

resulting in a fusion product containing the SEAP coding sequence (excluding the stop

codon) joined by a FLAG epitope-containing linker sequence to PAR4 Val25. The

predicted amino acid sequence of the junction is: ... AAHPGSDYKDDDDVDAL

VYDESGSTGGGDDSTPSILPAPRJGYPGQV...; labeling is as above for AP

PAR1.

The sequence of the junctions regions for AP-PAR1, AP-ATE-CD8 and AP

PAR4 were confirmed by dideoxy sequencing.

Cells, cell culture and shedding assays. All cells were cultured and incubations

conducted at 37°C in a 5% CO2, humidified atmosphere. Human Umbilical Vein

Endothelial Cells (HUVECs; Clonetics, San Diego, CA), were maintained in Clonetics

EGM-2 complete growth media and cultured on gelatin coated Falcon cell culture 24

well plates (Becton Dickinson, Franklin Lakes, NJ). Chinese hamster ovary CHO-M1

mutant cells were a generous gift from Dr. Joan Massague (Memorial Sloan-Kettering

Hospital, New York, NY). The ATE}#7/CHO cell line stably expressing AP-ATE-CD8

was generated by transfecting wild-type CHO cells with AP-ATE-CD8 cDNA, selecting

G418-resistant clones (neo is contained in the AP-ATE-CD8 vector), exposing each to

PMA, then screening for the presence of alkaline phosphatase activity in the culture

media.
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CHO-M1 cells, ATE}#7/CHO cells and wild-type CHO cells were maintained in

F-12 Ham's nutrient mix medium supplemented with 10% fetal bovine serum (heat

inactivated), penicillin (100U/ml), streptomycin (100 pg/ml) and fungizone (0.25 pig■ ml)

and were plated on Falcon Primaria 24-well or 96-well plates. For CHO-M1 mutant and

wild-type CHO cell assays, cells were transiently transfected in 24-well plates with

Lipofectamine-PLUS (Invitrogen, Carlsbad, CA) according to manufacturer’s

instructions 2 days before the assay. To examine shedding, cells were incubated in

serum-free medium (for CHO cells, Ham's F-12 with 15mm HEPES and 0.1% bovine

serum albumin (BSA)) overnight. Cells were then washed and further incubated in

serum-free medium in the presence or absence of TAPI-2 or other protease inhibitors for

15-20 minutes prior to the addition of agonist.

For endothelial cell assays in which AP-tagged proteins were used, passage 5 or 6

HUVECs at 80-85% confluence in 24-well plates were transiently transfected with AP

PAR1 or AP-ATE-CD8 in antibiotic-free EGM-2 complete growth medium using the

polyamine transfection reagent, TranslT-LT1 (Mirus Corp., Madison, WI), according to

the manufacturer’s instructions. On the following day, the cells were washed and

incubated in serum-free medium (for HUVECs, Clonetics basal EBM-2 media with

15mm HEPES and 0.1% BSA ) for 5 hours, washed again and pre-incubated with

inhibitor or control media alone for 15-20 minutes prior to the addition of agonist. In all

cases, cells were incubated for an additional 45 or 60 minutes, as indicated, after which

conditioned medium was collected, spun at 14.2K x g for 2 minutes at 4°C, and then

assayed for alkaline phosphatase activity (see below). To determine the amount of intact

"unshed" receptor remaining on the cell surface and available for activation by thrombin



after agonist-stimulated shedding, cells were washed 3 times and then exposed to 10nM

thrombin for an additional 20 minutes, at which time supernatant was collected and shed

product was again measured.

To assay shedding of native PAR1, passage 5 or 6 HUVECs were grown to

confluence on gelatin-coated 60 mm dishes. The cells were then washed and incubated

in serum-free medium for 5 hours as described above for transfected HUVECs. Cells

were then washed again and incubated in the presence or absence of TAPI-2 for 15-20

minutes. Agonist or media alone was then added and the cells incubated for an additional

60 minutes, at which time 1.8 mls (of a total 2.2 mls) of conditioned medium was

collected and centrifuged at 14.2K x g for 2 minutes at 4 °C. Approximately 1.4 mls of

the cleared conditioned media was concentrated to a volume of approximately 150 ml

using Microcon Centrifugal filter units with a 3,000 Dalton cut-off (Milipore, Billerica,

MA, USA) and assayed for the presence of soluble native PAR1 N-terminal exodomain

(see below).

Measurement of shed AP-tagged product. The amount of alkaline phosphatase shed

from the cell surface was determining by measuring alkaline phosphatase activity present

in the culture media of treated cells expressing the AP-tagged proteins (76). AP activity

was quantified using the Phospha-Light"Chemiluminescent Reporter Assay for Secreted

Alkaline Phosphatase kit (Tropix Corp., Bedford, MA) and a Tropix TR717 microplate

luminometer according to manufacturer's instructions. After centrifugation, 50 pil of

conditioned medium was added to 150 ml of dilution buffer (0.1 M Diethanolamine, 1mM

MgCl2) and heated to 65° C for 30 minutes (to inactivate endogenous alkaline
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phosphatase). After briefly cooling the heat treated sample, 50 ml of it was added to 50

ml of assay buffer (proprietary mixture of phosphatase inhibitors in 20mM Tris (pH 9.8),

1 mM MgCl2) and allowed to equilibrate at room temperature for 5 minutes, at which time

50 ml of reaction buffer, containing 1.25m M CPSD (chemiluminescent substrate,

Disodium3-(4-methoxyspiro (1,2-dioxetane-3,2'-(5'-chloro)tricyclo[3.3.1.1"|decan)-4-

yl)phenyl phosphate), was added and the sample was analyzed for chemiluminescence.

Sub-picogram quantities of recombinant AP could be detected by this assay, and

the relationship between chemiluminescence and protein was linear from 0.1 pg to at

least 10 ng. Activity levels in the experiments presented here generally ranged from 5 pg

to 1 ng. Background luminescence from untransfected cells was equivalent to less than 1

pg.

Cell surface antibody binding assay. Binding of anti-hirudin-like sequence and anti-AP

antibodies to cells was measured as previously described (43) and was dependent upon

transfection of cells with AP-ATE-CD8. Wild-type CHO cells were transiently

transfected with AP-ATE-CD8 cDNA using Lipofectamine-PLUS as above two days

before the assay. Cells were then incubated overnight in serum-free medium, washed

twice, and pre-incubated for 15-20 minutes in the presence or absence of TAPI-2 prior to

the addition of agonist. After an additional 45 minutes, cells were washed once in

phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde in PBS for 10

minutes at room temperature. After fixation, cells were washed twice in serum-free

medium, incubated with either anti-AP MAb (1:1,000) or anti-hirudin-like sequence

(1809) antiserum (1:200) for 1 hr., washed 3 times; incubated with horseradish
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peroxidase-conjugated goat anti-mouse or goat anti-rabbit antibody (1:1000) for 30

minutes then washed three times (PBS was used for the final rinse). Immediately

following the final rinse, the cells were incubated with the horseradish peroxidase

substrate 1-Step ABTS (2, 2’-azino-bis-3-ethylbenz-thiazoline-6-sulfonic acid) (Pierce,

Rockford, IL). After 10 minutes, an aliquot was removed, and the optical density was

read at 405 nm using a Molecular Devices microplate spectrophotometer (Molecular

Devices, Menlo Park, CA).

ELISA for shed PAR1 N-terminal exodomain. To detect shed native PAR1 N

terminal exodomain in conditioned media, a two antibody capture and detection method

was used. The mouse monoclonal antibody ATAP2, which was raised to a peptide

SFLLRNPNDKYEPF corresponding to the 14 residues which constitute the new PAR1

N—terminus after thrombin cleavage (7), was adsorbed to 96 well MaxiSorp plates

(Nalge Nunc International, Naperville, IL, USA) by incubating plates with antibody (5

mg/ml in PBS) at 4 °C for 48 hrs. Wells were washed 3 times and blocked with M199

media containing 20 mM HEPES and 0.5% BSA for 1 to 3 hrs at room temperature then

washed once more with blocking solution and incubated with 150 ml of concentrated

conditioned media (see above) overnight at 4°C. The following day, plates were washed

3 times with PBS supplemented with 0.2 M NaCl and 0.05% TWEEN; incubated with

anti-hirudin-like sequence (1809) antiserum (1:200) for 1 hr at room temperature; washed

3 times; incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody (0.6

mg/ml) for 1 hr, then washed three times (PBS with 0.05% TWEEN was used as diluent
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for both antibodies). Immediately following the final wash, 1-Step ABTS was added to

the wells and optical density was read at 405 nm after approximately 30 minutes.

A purified, bacterially expressed recombinant soluble form of the PAR1 N

terminal exodomain in fresh media was used as a standard to assess the selectivity and

sensitivity of this system. The peptide, dubbed ATE-H6 and previously described (77),

contained the antigenic regions for both the capture (ATAP2) and detection (anti-hirudin

like sequence) antibodies. The ELISA signal was approximately linear between peptide

concentrations of ~ 3 and 60 pg/ml, and little signal was obtained in the absence of either

the capture antibody or the detection antibody (not shown).
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Figure 6: Assay for PAR1 shedding.
Membrane-associated metalloproteinase (large oval) cleaves N-terminal
exodomain tagged at its amino terminus with alkaline phosphatase. Such
cleavage releases alkaline phosphatase activity into the culture medium.
Constructs were made to allow assay of cleavage or shedding of PAR1's N
terminal exodomain in the context of the native receptor (AP-PAR1) and tethered
to an unrelated transmembrane domain (AP-ATE-CD8).
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Figure 7: Sensitivity of PAR1 N-terminal exodomain shedding to protease
inhibitors. CHO cells stably expressing AP-ATE-CD8 (ATE:#7/CHO) were
treated with PMA (1 pm) for 1 hour in the presence or absence of the following
inhibitors: A, ecotin (10 puM); E-64 (50 puM); Pepstatin A (1 p.m.); and TAPI (50
HM); and B, TIMP-1 (10pg/ml); TIMP-2 (10 pg/ml); TIMP-3 (10 pg/ml); 1,10
Phenanthroline (5 mM) and TAPI-2 (50 puM). Cells were also incubated with
thrombin (10 nM) to determine total releasable alkaline phosphatase activity from
AP-ATE-CD8-expressing cells. Results expressed as fraction of total thrombin
releasable alkaline phosphatase activity (mean+/- S.E.) from two replicate
experiments are shown; individual points were done in triplicate in each
experiment.
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Figure 8: PMA Induced shedding of PAR1 in wild-type and mutant CHO
cells (CHO-M1) defective in TACE biosynthesis. Cells transiently transfected
with AP-PAR1 were treated with PMA (1 mM) for 45 minutes in the presence or
absence of TAP1-2 (50 puM), and alkaline phosphatase activity in supernatant was
measured and expressed as fold basal activity released from AP-PAR1
transfected wild-type cells. Results represent three replicate experiments;
individual points were done in triplicate in each experiment.
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Figure 9: Loss of alkaline phosphatase vs. hirudin-like sequence epitopes
from the cell surface.
CHO cells transiently transfected with AP-ATE-CD8 were treated with PMA (1
HM), or thrombin (10 nM), for 45 minutes in the presence or absence of TAP1-2
(50 puM), and binding of antibody to alkaline phosphatase (AP) (A) or hirudin-like
sequence (B) was determined. Results (mean +/- S.E.) are expressed as
fraction of binding to untreated cells and represent two replicate experiments;
individual points were done in triplicate in each experiment.
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Figure 10: Substantial metalloproteinase mediated shedding of PAR1 vs.
PAR4 N-terminal exodomains in CHO cells.
CHO cells in which AP-PAR4 or AP-PAR1 were transiently expressed were
treated with PMA (1 mM) for 1 hour in the presence or absence of TAP1-2 (50 pm)
and alkaline phosphatase activity in the conditioned medium was measured.
Results (mean +/- S.E.) are expressed as a fraction of alkaline phosphatase
activity released by 10nM thrombin in 1 hour and represent two replicate
experiments; individual points were done in duplicate or triplicate.
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Figure 11: Induced shedding of PAR1 in HUVECs and its effect on the
number of receptors available on the cell surface for subsequent cleavage
by thrombin. A, HUVECs transiently transfected with AP-PAR1 and AP-ATE
CD8 expression vectors were treated with PMA (1 mM), PAR1 agonist (SFLLRN;
100pm) or thrombin (10 nM) for one hour in the presence or absence of TAP1-2
(50 pum), and alkaline phosphatase activity in the conditioned medium was
measured. Results are expressed as a fraction of alkaline phosphatase activity
released by thrombin (mean +/- S.E.) and represent three replicate experiments;
individual points were done in triplicate in each experiment. B, Cells in (A) (or
identically treated cells) were washed 3 times after the initial incubation with
agonists, then treated with thrombin (10 nM) for an additional 20 minutes.
Conditioned medium was again collected and assayed for alkaline phosphatase
activity. Results (mean +/- S.E.) are expressed as a fraction of alkaline
phosphatase activity releasable from cells that were not exposed to agonist
during the initial incubation and represent three separate experiments; individual
points were done in triplicate in each experiment. Background luminescence
from untransfected cells was subtracted in each experiment.
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Figure 12: Induced shedding of native PAR1 in untransfected HUVECs.
Untransfected HUVECs were treated with PMA (1 piM) for one hour in presence
or absence of TAP1-2 (50 puM). Soluble native PAR1 N-terminal exodomain in the
conditioned media (concentrated - 9 times) was measure by ELISA. Results
(mean +/- S.E.) are expressed as fold over basal the signal obtained in medium
from untreated cells and represent two replicate experiments (n=5 or 6). Similar
results were obtained in a third study.
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Chapter IV

PAR1 CLEAVAGE AND SIGNALING IN RESPONSE TO

ACTIVATED PROTEIN C AND THROMBIN

IN ENDOTHELIAL CELLS

ABSTRACT

Activated protein C (APC), a natural anticoagulant protease, can trigger cellular

responses via PAR1. Whether this phenomenon contributes to the physiological effects of

APC is unknown. Toward answering this question, we compared the kinetics of PAR1

cleavage on endothelial cells by APC vs. thrombin. APC did cleave PAR1 on the

endothelial surface, and antibodies to the endothelial protein C receptor (EPCR) inhibited

such cleavage. Importantly, however, APC was ~10-fold less potent than thrombin in

this setting. APC and thrombin both triggered PAR1-mediated responses in endothelial

cells including expression of anti-apoptotic (A20 and IAP1) and chemokine (IL-8 and

CXCL3) genes, but again APC was ~10-fold less potent than thrombin. Addition of

zymogen protein C to endothelial cultures did not alter the rate of PAR1 cleavage at low

or high concentrations of thrombin, and PAR1 cleavage was substantial at thrombin

concentrations too low to trigger detectable conversion of protein C to APC. Thus,
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locally generated APC did not contribute to PAR1 cleavage beyond that effected by

thrombin in this system. While consistent with reports that sufficiently high

concentrations of APC can cleave and activate PAR1 in culture, our data suggest that a

significant physiological or pharmacological role for PAR1 activation by APC is

unlikely.
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RESULTS

Both serine proteases thrombin and activated protein C (APC) play key roles in

hemostasis and thrombosis (33). In humans, thrombin’s function in this context is largely

dependent upon its cognate receptor, PAR1, expressed on platelets and endothelial cells

(17,78). Importantly, cleavage of PAR1's activation site is both necessary and sufficient

for receptor activation, and several proteases with trypsin-like specificity are capable of

cleaving this site and activating PAR1 in vitro (7-9). APC provides critical negative

feedback regulation of thrombin generation in vivo. Thrombin converts zymogen protein

C (PC) to APC, which in turn cleaves and inactivates coagulation cascade factors Va and

VIIIa, cofactors necessary for thrombin production (Fig. 3) (33). Generation of APC is

localized to the surface of endothelial cells by the action of two integral membrane

cofactors, thrombomodulin (TM) and endothelial protein C receptor (EPCR), which bind

thrombin and protein C, respectively (79,80).

Interest in the natural anticoagulant and other biological activities of APC has

intensified due to the recent finding that APC administration can reduce mortality in

sepsis (30). Subsequently, it was reported that APC is capable of activating PAR1 on

endothelial cells, and it was postulated that this phenomenon might contribute to APC's

protective effect in sepsis (29,32). Many PAR1-triggered responses in endothelial cells

— such as production of platelet-activating factor and chemokines and display of

adhesion molecules for leukocytes and platelets — would be predicted to promote

inflammation, thrombosis, and tissue damage (81-83). However, PAR1 does induce
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inhibitors of apoptosis such as A20 and IAP1 ((84) and Srinivasan and Coughlin,

unpublished data); these and related responses might be important for protecting

endothelial cells in an environment rich in pro-apoptotic cytokines and/or ischemia, as

might occur in sepsis and at sites of tissue damage (29,84-86). Of note, thrombin is a

potent activator of PAR1 on endothelial cells (1,56,67,87), and generation of APC

requires the presence of thrombin at the endothelial surface (33). Might APC contribute

to PAR1 activation beyond that already effected by thrombin? Might APC versus

thrombin activation of PAR1 somehow favor protective vs. pro-inflammatory responses

in endothelial cells? As one means of addressing these questions, we have compared the

kinetics and the effects of endothelial PAR1 activation by thrombin vs. APC.

To directly compare the ability of APC and thrombin to cleave PAR1 on

endothelial cells, we utilized the cleavage reporter system described in the previous

chapter in which AP-PAR1 is expressed in HUVECs. While in the previous chapter, AP

PAR1 was used as a reporter for metalloprotease-mediated “shedding” of PAR1's

exodomain, it is equally suited to measure PAR1 cleavage by thrombin, as the AP tag

resides at the extreme N-terminus of the exodomain (Figures 2 and 6). The range of

thrombin concentrations explored in our AP-PAR1 cleavage studies here was 10 pm to

30 nM. The level of prothrombin in the circulation is 1-2 puM, and concentrations of

active thrombin in the 10 nM range are almost certainly physiologically relevant (13).

The range of APC concentrations explored was 1 nM to 100 nM. The level of zymogen

protein C in the circulation is ~ 65 - 80 nM, and circulating APC levels are generally less

than 0.2 nM even in sepsis (88).
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Incubation of AP-PAR1-expressing HUVECs for one hour with 1 or 10nM APC

yielded little PAR1 cleavage, but at 100nM APC, ~20% of maximal PAR1 cleavage,

defined as that caused by 10 nM thrombin, was detected (Fig. 13A). 0.01 nM thrombin

yielded a similar amount of PAR1 cleavage under the same conditions, and ~50%

maximal PAR1 cleavage occurred at 0.1 nM thrombin. Thus, thrombin was ~10-fold

more potent than APC in this assay. In a second set of experiments, 30 nM thrombin

yielded virtually complete cleavage of cell surface PAR1 within 6 minutes, 75 pM

thrombin yielded ~60% of maximal cleavage at 60 minutes, and 100 nM APC yielded

only ~30% maximal cleavage at 60 minutes (Fig. 13B). Again thrombin appeared to be

10°-10°-fold more potent than APC. The relatively low activity of APC versus thrombin

raised the question of whether a small amount of thrombin contaminating APC

preparations might contribute to the activity of "APC" seen in these studies. This is

unlikely. In preliminary experiments, we had indeed found hirudin-inhibitable activity in

some APC preparations but in these cases, increasing concentrations of hirudin did not

block all PAR1-cleaving activity. In all of the experiments shown, APC was pre

incubated with a concentration of hirudin sufficient to completely block 10 nM thrombin

(this concentration of hirudin had no effect on APC as assessed by amidolytic activity

(see Materials and Methods). In addition, the ability of APC to cleave endothelial PAR1

was inhibited by an antibody (JRK 1494) that blocks PC/APC binding to the endothelial

protein C receptor (EPCR) but not by a non-blocking EPCR antibody (JRK 1500); JRK

1494 did not inhibit PAR1 cleavage by thrombin (Fig. 14 and data not shown). This

finding is consistent with the observations of Riewald, et al. with regard to APC

triggered ERK activation in endothelial cells (29). Thus, the low level of PAR1 cleaving
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activity in APC preparations is likely due to the actions of APC itself rather than by

thrombin or other proteases that might contaminate such preparations.

The magnitude of thrombin-triggered cellular responses correlates with the rate of

PAR1 cleavage (43). This predicts that APC should be 10°-10'-fold less potent than

thrombin for triggering PAR1-mediated responses in endothelial cells. To test this

prediction, we first examined phosphoinositide hydrolysis as a convenient endpoint of

PAR1 signaling (PAR1 is the major effector of thrombin-stimulated phosphoinositide

hydrolysis in endothelial cells (87).) (Fig. 15). Increases in phoshoinositide hydrolysis

were readily detected at thrombin concentrations of 0.1 nM and above. Responses to

APC could be detected at 30 nM and above, and 100 nM APC triggered responses

approximately equivalent to those elicited by 0.1 nM thrombin. Thus, in this functional

assay, APC again appeared to be on the order of 10°-fold less potent than thrombin.

We next analyzed gene induction by thrombin and APC both as an additional

endpoint for comparing the potency of these proteases for triggering PAR-mediated

responses in endothelial cells and to probe for possible qualitative differences between

thrombin and APC signaling in these cells. CXCL3 and IL-8, pro-inflammatory

chemokines known to be induced by thrombin in endothelial cells ((57) and Srinivasan

and Coughlin, unpublished data), were induced by both thrombin and APC in these cells;

the response elicited by 100 nM APC was less than that elicited by 0.1 nM thrombin (Fig.

16). Similar results were obtained when A20 and IAP-1, two anti-apoptotic genes known

to be modulated by APC (84), were examined (Fig. 17). Thus, responses to APC and

thrombin were qualitatively similar, but APC was remarkably less potent that thrombin.
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Given that APC generation requires the presence of thrombin on the endothelial

surface, the relative lack of potency of APC toward PAR1 raises the question of whether

APC is likely to contribute to PAR1 activation beyond that already effected by thrombin.

In the studies described above, pre-activated APC was added to cell culture medium.

Several mechanisms might alter the relative potency of locally generated APC versus

thrombin for PAR1 activation. It is possible that locally generated APC might be

positioned favorably by EPCR and/or TM for PAR1 cleavage on the endothelial surface,

and thrombin might be positioned unfavorably for PAR1 cleavage by its interaction with

TM (32). Indeed, it has been proposed that at low thrombin levels in vivo, activation of

endothelial cell PAR1 might be mediated primarily by thrombin-activated protein C in a

coupled system directed by these transmembrane cofactors (32). To determine whether

local generation of APC might augment PAR1 cleavage on endothelial cells, we first

asked whether physiological concentration (~80 nM) of zymogen protein C might

enhance AP-PAR1 cleavage on the endothelial surface at various thrombin

concentrations (Fig. 18A). No difference in PAR1 cleavage was observed in the

presence or absence of zymogen protein C across a range of thrombin concentrations. To

further probe this issue, we used a still higher level of zymogen protein C and, in parallel,

measured conversion of protein C to APC (Fig. 18B). Again no difference between

PAR1 cleavage in the presence or absence of protein C was detected. Moreover, no

significant APC conversion was detected at thrombin concentrations of 0.1 nM and

below, and at 0.1 nM thrombin, PAR1 cleavage was nearly maximal. Thus, in this

model system, there is no evidence that local generation of APC can contribute to PAR1

cleavage beyond that achieved by thrombin alone.
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DISCUSSION

Direct measurement of kinetics of PAR1 cleavage on "real" endothelial cells

revealed APC to be ~10°-10°-fold less potent than thrombin. A comparison of

endothelial responses to APC and thrombin revealed a similar difference in potency.

These results are consistent with reports that a sufficiently high concentration of APC can

cleave PAR1 and can trigger PAR1-dependent responses in endothelial cells in culture

(86,89-91). They do not speak to the issue of whether APC might regulate the behavior of

endothelial (92) or other cells by PAR1-independent mechanisms.

The -10°-10°-fold difference in potency between APC and thrombin for PAR1

cleavage on endothelial cells is consistent with earlier studies in which APC was ~5,000

to more than 25,000 times less active than thrombin in solution phase assays of PAR1

peptide cleavage (89,93-95). Thus, although the slow APC cleavage of endothelial PAR1

was EPCR-dependent, it appears that EPCR, other endothelial cofactors, and localization

of protease and substrate to a cell surface per se do not have a major effect on the

inherent enzymatic activity of APC and thrombin toward PAR1.

Importantly, our results raise doubt as to whether PAR1 cleavage by APC is

important in vivo, at least without additional cofactors not evident in our system. The

concentration of exogenous APC required to trigger PAR1 cleavage and signaling, 10

100 nM, was on the order of the concentration of its zymogen protein C in plasma

(~80nM) and substantially higher than APC concentrations reported to occur in vivo. In

:
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the PROWESS sepsis trial, for example, circulating APC levels above 10 ng/ml (~0.2

nM) were rare in the placebo group that did not receive APC infusion. Thus, even in

sepsis, the concentration of APC in the circulation is substantially below the

concentration required for significant PAR1 activation. In the same model system in

which we examined APC activity, 0.1 nM thrombin reliably triggered PAR1 cleavage

and endothelial cell responses. This concentration of thrombin is less than one

thousandth the concentration of its zymogen prothrombin in the circulation and well

below the concentration of thrombin estimated to be present in clots (13). We were

unable to detect evidence that local generation of APC enhances its activity toward PAR1

relative to that of thrombin; indeed, substantial PAR1 cleavage occurred at a

concentration of thrombin that did not yield detectable activation of zymogen protein C

to APC (Fig. 18). At face value, these data suggest endogenous APC is unlikely to

contribute to PAR1 cleavage beyond that effected by thrombin and militate against a

physiological role for PAR1 activation by APC. What about PAR1 as a target for the

pharmacological activity of APC? In patients that received APC infusion in the

PROWESS trial, the median steady state APC level was 45 ng/ml (~0.9 nM) — again

well below the concentration of APC required for significant activity at PAR1. This

argues against a role for PAR1 cleavage in the pharmacological activities of APC. There

are however, a number of caveats.

First, our studies designed to compare the potency of thrombin and APC as PAR1

agonists were performed in a defined in vitro system in the absence of flow and natural

protease inhibitors. This system might overestimate the difference between thrombin and

APC in vivo because thrombin activity in the circulation is terminated more rapidly than
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APC activity (96,97). Similarly, it is possible that circulating protease inhibitors or flow

itself would promote removal of free thrombin from the endothelial surface while

relatively sparing TM-bound thrombin in a way that favors thrombin interaction with

protein C over interaction with PAR1; this might favor a local coupled system in vivo in a

manner not detected in vitro. It is also possible that leukocytes, neurons or other non

endothelial cell types (see below) are the relevant cellular targets for APC and that

different results might be obtained if such cells were examined.

Second, our results suggest that APC is a poor PAR1 agonist that triggers

responses in endothelial cells that are qualitatively similar to, but smaller than those

triggered by thrombin. Might PAR1 activation by APC accomplish something distinct

from that accomplished by PAR1 activation by thrombin? It is formally possible that

low-level PAR1 and high-level PAR1 activation in endothelial cells might yield

qualitatively different outcomes. For example, while both APC and thrombin induce

both pro-inflammatory chemokine and anti-apoptotic genes, one could imagine that low

level chemokine and anti-apoptotic gene induction by APC might be insufficient to

promote inflammation but sufficient to protect against apoptosis while high-level

induction by thrombin might do both.

In vivo studies that address the role of physiological or pharmacological activation

of PAR1 by APC are few and have provided somewhat mixed results. It was reported

that administration of APC had a protective effect in a mouse model of brain ischemia

reperfusion injury and that this effect was attenuated by PAR1 antibodies and in Parl -/-

knockout mice (the protective effect of APC was also reported to be PAR3-dependent in

this model and it was suggested neurons might be the direct target of APC's actions)
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(86,98). These results support a role for PAR1 in pharmacological effects of APC, at

least in this mouse model. The level of APC in the circulation achieved in this model is

not known. Interestingly, in the same study, PAR1 antibodies did not exacerbate injury

in mice that did not receive APC infusion, suggesting that activation of PAR1 by

endogenous APC is unimportant in this model. Furthermore, in a similar model, PAR1

deficiency was reported to be protective (99), suggesting that activation of PAR1 by

endogenous proteases might promote rather than protect against injury. In endotoxemia

models in mice, PAR1 deficiency neither protected against nor exacerbated the effects of

endotoxin ((100) and Camerer and Coughlin unpublished), whereas inhibition of either

APC function (101,102) or EPCR interaction with APC/protein C (103) exacerbates the

septic response. Thus, we are unaware of data supporting a physiological role for PAR1

activation by endogenous APC.

In summary, with the caveats noted, our data emphasize that, even when

positioned by EPCR on the endothelial surface, APC is a poor agonist at PAR1 relative to

thrombin and is unlikely to contribute to PAR1 cleavage beyond that mediated by the

thrombin that must be present for APC to be generated. The level of APC reported to be

achieved pharmacologically in the circulation of septic patients receiving APC infusions

(88) is ~20-200-fold below the level of APC required to reliably elicit PAR1 activation.

Thus, our data give pause in considering the hypothesis that PAR1 activation mediates

physiological or pharmacological effects of APC. In particular, it seems unlikely that

PAR1 activation plays a significant role in the beneficial effect of APC infusion in sepsis

(29) and alternative mechanisms should be considered (33). For example, damage to

endothelial and other cells by activated leukocytes is thought to be an important cause of

3.
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organ damage in sepsis (104), and APC can interact with protease 3 and Mac1 on the
º

surface of leukocytes (105). From this location, APC may somehow regulate leukocyte .
function in a manner that is beneficial (106-108).
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Materials and Methods

Reagents. Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise noted. Human thrombin was from Enzyme Research Laboratories (ERL,

South Bend, IN). APC was obtained from ERL or prepared from plasma-derived protein

C as described (109). The activities of APC from the two sources were indistinguishable

in the presence of hirudin (see below). Zymogen protein C was from Haematologic

Technologies Inc. (Essex Junction, VT). The chromogenic APC substrate, Spectrozyme

PCa (H-D-Lys (g-Cbo)-pro-Arg-pMA.2AcOH), was from American Diagnostica

(Stamford, CT). Recombinant hirudin was from American Diagnostica or Calbiochem

(San Diego, CA). SFLLRN peptide was synthesized as a carboxyl terminal amide and

purified by high pressure liquid chromatography (ANASPEC, San Jose, CA). Cells, cell

culture media and accompanying supplements were from the University of California,

San Francisco Cell Culture Facility unless otherwise specified.

Antibodies. Mouse monoclonal antibodies against EPCR, JRK1494 (blocking) and

JRK1500 (non-blocking) were generated and characterized as described (80).

Plasmid cDNA. The AP-PAR1 construct was as described in Chapter III and previously

(110).
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Cells, cell culture and PAR1 cleavage assays. All cells were cultured at 37 °C in a 5%

CO2, humidified atmosphere. Human umbilical vein endothelial cells (HUVECs),

purchased from Clonetics (San Diego, CA) or Cascade (Seattle,WA), were maintained in

Clonetics EGM-2 complete media and cultured on 0.1% gelatin coated Falcon cell

culture 24-well plates (Becton Dickinson, Franklin Lakes, NJ).

All assays for cleavage of AP-PAR1 expressed in HUVECs were conducted at

37 °C. In experiments where receptor cleavage by APC versus thrombin was measured,

HUVECs (P5 or P6) were transiently transfected at 80–85% confluency in 24-well plates

with AP-PAR1 in antibiotic-free EGM-2 complete medium using the polyamine

transfection reagent, TransLT-LT (Mirus Corp., Madison, WI), according to the

manufacturer's instructions. On the following day, the cells were washed and incubated

in serum-free medium (M199 with 15mm HEPES, 0.1% BSA brought to 2 mM calcium

(final concentration)) for 5 hours then washed again prior to the addition of APC or

thrombin. Conditioned medium was collected at the indicated times and soluble alkaline

phosphatase released by PAR1 cleavage was measured (see below). Data were expressed

as the difference between soluble alkaline phosphatase activity measured in medium

conditioned by cells in the presence of protease minus activity in medium conditioned by

cells incubated for the same time in the absence of protease. The latter “background

activity” was less than 2% of the level stimulated by thrombin at the six minute time

point and less than 10% at 60 min. This background activity was dependent upon

transfection of cells with AP-PAR1 (virtually no soluble alkaline phosphatase activity

was detected in untransfected cultures) and likely represents low level basal

*
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metalloproteinase-dependent shedding of PAR1 N-terminal exodomain that occurs in this

system (see Chapter III and (110)).

Because APC preparations can be contaminated by thrombin, all APC solutions

were pre-incubated with hirudin (2 U/ml final concentration) for 10 to 15 minutes before

being added to cells. Hirudin had no effect on the activity of Spectrozyme PCa cleavage

by APC preparations.

In experiments where anti-EPCR antibodies were used, cells were pre-incubated

with the indicated antibodies (50 pg/ml) in serum-free medium for 15 to 20 minutes prior

to the addition of agonist. In experiments in which receptor cleavage was measured in

the presence of zymogen protein C, cells were pre-incubated with serum-free medium

containing protein C or medium alone for 15 to 20 minutes prior to the addition of

thrombin. In experiments where receptor cleavage and conversion of protein C to APC

were both measured, cells were pre-incubated with HBSS (HEPES Buffered Saline

Solution plus 0.1% BSA, 3 mM calcium and 0.6 mM magnesium) instead of serum-free

medium, in the presence or absence of protein C for 15 to 20 minutes prior to the addition

of thrombin. After one hour of thrombin treatment, conditioned medium was collected

(225 pil of 300 pul total), centrifuged at 14,200 X g at 4°C for 2 minutes; 50 pul of

supernatant was assayed for alkaline phosphatase activity (see below) and 135 pil for

APC activity as described (see below).

Quantitation of soluble alkaline phosphatase released by PAR1 cleavage. The

amount of alkaline phosphatase liberated by cleavage of AP-PAR1 was determined as

described (110). Briefly, conditioned medium was collected after incubation of AP

>

70



PAR1-transfected HUVECs with APC or thrombin and centrifuged to remove any cell

debris; supernatant was collected and alkaline phosphatase activity was measured using

the chemiluminescent substrate, disodium 3-(4-methoxyspiro (1,2-dioxetane-3,2’-(5’-

chloro) tricyclo[3.3.1.13,7]decan)-4-yl) phenyl phosphate. Subpicogram quantities of

recombinant AP could be detected by this assay, and the relationship between

chemiluminescence and protein was linear from 0.1 pg to at least 10 ng. Activity levels

in the experiments presented here generally ranged from 1 to 30 pg. Background

luminescence in medium conditioned by untransfected HUVECs was equivalent to less

than 1 pg alkaline phosphatase.

Measurement of APC activity. In experiments designed to assess protein C conversion

to APC in culture, APC activity in conditioned medium was measured as described (80).

Briefly, 135 pil of cleared conditioned HBSS medium was mixed with 15 pil of 40U/ml

hirudin (4 U/ml final concentration) to block any amidolytic activity that might be

contributed by thrombin. 135 pil of this sample was in turn added to 15pil of a solution

containing the chromogenic APC substrate, Spectrozyme PCa, to give a final substrate

concentration of 1 mM. The rate of change in absorbance with time (AOD at 405nm /

min) at room temperature was measured using a Vmax kinetic microplate reader

(Molecular Devices, Menlo Park, CA). The amount of APC present in samples was

derived from a standard curve generated with purified APC, which was linear up to

approximately 45 nM APC. Detectable activation of protein C in this system was only

observed when both thrombin and cells were present during the incubations.
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Phosphoinositide hydrolysis. HUVECs were plated on gelatin-coated 24 well plates

at 90-100% confluence and incubated overnight. Cells were then washed three times

with serum-free DME and labeled with [H]-myoinositol (2 p.Gi/ml) in inositol-free

DME/0.5% BSA for 14 hours. After labeling, cells were washed once with DME/0.1%

BSA and incubated for an additional 2 hours in 200 pil DME/0.1% BSA per well. 50pl

DME/0.1% BSA with 100 mM LiCl containing varying concentrations of APC or

thrombin with or without hirudin was then added and cultures were incubated for an

additional one hour. Accumulated inositol phosphates were measured as described (43).

Northern Blotting. Northern probes for IL-8, CXCL3, IAP-1, and A20 were amplified

from the cDNA of thrombin-treated HUVECs using polymerase chain reaction. The

specific sequences amplified were:

IAP-1 GenBank Accession # U45878 nucleic acid 1484-2250

IL-8 NM_000584 85-499

CXCL3 NM_002996 269–960

A20 NM_006290 1937–2446

Radiolabeled probes were generated using Prime-IT-II Kit (Stratagene, La Jolla, CA).

HUVECs were plated on gelatin-coated 60mm dishes, incubated in serum-free EBM

medium (Clonetics) (plus 0.1% BSA) for 14–16 hours, then further incubated with APC

or thrombin for 120 minutes (IL-8 and CXCL3) or 90 minutes (IAP, A20); preliminary

studies had shown that maximum induction of each transcript occurred at these times.

From each 60mm dish, 10pg of total RNA was prepared using Trizol (Invitrogen),
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separated by 1% agarose / 10% formaldehyde gel electrophoresis and transferred to —f

Hybond-NX Membrane (Amersham, Piscataway, NJ). Membranes were hybridized in º
Perfect-Hybrid solution (Sigma-Aldrich) with radiolabeled probes for 3 hours at 68 °C, -

washed 5 times at room temperature (1XSSC, 0.1%SDS, 10 minutes) and twice at 50 °C

(0.1XSSC, 0.1%.SDS, 15 minutes) and analyzed with a Storm phospho-imager

(Amersham).
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Figure 13: PAR1 cleavage on endothelial cells; thrombin vs. APC. A., HUVECs
transiently transfected with AP-PAR1 expression vector were incubated in the presence
or absence of APC or thrombin at indicated concentrations for one hour, then soluble
alkaline phosphatase activity in the conditioned media was measured. Results are
expressed as alkaline phosphatase activity in cultures incubated with APC or thrombin
minus that in cultures incubated in parallel in the absence of protease (see Materials and
Methods). Pooled data (mean+/- S.E., n=6) from two replicate experiments are shown.
A third experiment yielded comparable results. B, AP-PAR1-expressing HUVECs as in
A were incubated in the presence or absence of thrombin or APC at the indicated
concentrations and soluble alkaline phosphatase activity in the conditioned media
collected at various times was measured. Results (mean+/- S.E.; n=6) represent
pooled data from two replicate experiments and were calculated as in Athen normalized
to maximum activity elicited by thrombin. APC was pre-incubated with hirudin (2 U/ml)
in all experiments shown, and virtually no soluble alkaline phosphatase activity was
detected in conditioned medium from untransfected HUVECs.
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cleavage. HUVECs expressing AP-PAR1 were incubated with 50 pg/ml of anti
EPCR blocking (JRK1494) or non-blocking (JRK1500) antibodies for 15-20
minutes before treatment with 100 nM APC for one hour. Results (mean +/- S.E.,
n=6 ) are expressed as alkaline phosphatase activity released by APC as a
percentage of activity released by 10nM thrombin in 1 hour and represent pooled
data from two replicate experiments.
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Figure 15: Phosphoinositide hydrolysis in response to APC versus
thrombin. HUVECs were incubated with APC or thrombin at the indicated
concentrations for 1 hour and protease-induced [*H]-inositol phosphate
accumulation in the presence of lithium chloride was determined. Results (mean
+/- S.E., n=12) are presented as fold increase over untreated cultures and
represent pooled data from three replicate experiments. Standard error were
Small where error bars are not seen.
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Figure 16: Induction of CXCL3 and IL-8 gene expression in HUVECs by APC
versus Thrombin. HUVECs were incubated with APC or Thrombin (o:T) +/-
Hirudin for 120 minutes and CXCL3 (top band) and IL-8 (bottom band) mRNA
levels were assessed by Northern blot. For quantitation, CXCL3 and IL8 band
intensities were normalized to the band intensity for GAPDH mRNA, which was
similar in all samples (not shown), and results were expressed as fold increase
over untreated cells. A) blot from one representative experiment. B,C) results
(mean +/- S.E.) from quantitation of three replicate experiments.
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Figure 17: Induction of A20 and IAP gene expression in HUVECs by APC
versus Thrombin. HUVECs were incubated with APC or Thrombin (o:T) +/-
Hirudin for 90 minutes and A20 (A) and IAP (B) and GAPDH (not shown) mRNA
levels were determined as in Fig 16. A representative Northern blot is shown at
top and quantitated results (mean +/- S.E.) from four (A) or three (B) replicate
experiments are shown at bottom.
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Figure 18: Effect of local conversion of protein C to APC by thrombin on PAR1
cleavage and comparison of protein C vs. PAR1 cleavage at various thrombin
concentrations. A, HUVECs expressing AP-PAR1 were incubated for 15 - 20 minutes
with either media alone or 80 nM Protein C then incubated with thrombin at indicated
concentrations for one hour. Conditioned medium was collected and Soluble alkaline
phosphatase activity was measured (mean+/- S.E.; n=3). A replicate experiment yielded
similar results. B. HUVECs expressing AP-PAR1 were incubated for 15 - 20 minutes
with HBSS buffer with or without 200 nM Protein C, after which, thrombin was added at
indicated final concentrations for an additional one hour. Conditioned medium was
collected and analyzed for soluble alkaline phosphatase activity (triangles) and APC
activity (square). PAR1 cleavage assay results (Y axis at left) are expressed as fraction
of soluble alkaline phosphatase activity released by 10 nM thrombin in the absence of
protein C (mean+/- S.E.; n=6) and represent two replicate experiments; the amount of
APC produced in the culture (right Y axis) was determined using a standard curve that
was generated with purified APC.

*.
-

79



Chapter V

Future Directions

Results from the work described in this thesis significantly enhance our

knowledge of how protease-activated receptors, particularly PAR1, can interact with

proteases, particularly thrombin, at the molecular level to initiate cellular responses, and

what the implications of those responses might be at the cellular level. The studies

presented here as individual chapters, vary in terms of their specific focus and

methodology, and a number of fruitful investigative avenues towards a better

understanding of the function and significance of protease-activated receptors could be

pursued using any of them as a point of departure.

In Chapter II, we first demonstrated that the hirudin-like domain in mouse PAR3

is capable of significantly enhancing thrombin’s ability to cleave mouse PAR4, not only

when expressed as an independent cofactor (in its native state as part of the mPAR3

exodomain), but also when directly inserted into the exodomain of mPAR4. Though

relatively low expression levels (data not shown) presumably prevented this chimeric

receptor, mPAR4Hir, from generating a higher absolute maximum thrombin-induced

signal response than wild-type mPAR4 (data not shown), signal responses were indeed

significantly higher with the chimera when observed results were adjusted for receptor

expression levels (that is, presented as fold increase over basal signaling for each
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receptor). Thus, if the technical hurdle of raising expression levels of this chimeric

receptor can be overcome, this form of the receptor could be used to carry out gain-of

function studies in vivo by genetically “knocking in” the gene at the wild-type mPAR4

locus in mice. Also in this chapter, we showed that certain engineered mutant forms of

thrombin exhibited altered activity levels in a highly specific manner with regard to

hPAR1 and hpAR4 cleavage when the receptors were presented as substrates in their

native form (e.g., expressed as full-length proteins on the cell surface). Should studies on

the effects of these mutant proteases in vivo be embarked upon, such findings would

prove extremely useful in the interpretation of results.

The findings presented in chapter III suggest the possible existence of a

completely novel regulatory mechanism for PAR1, other PARs or perhaps other GPCRs.

Several important immediate questions, however, remain to be answered. Broadly, the

critical open question is: in what context, if any, does shedding of PAR1 affect signaling

by the receptor? Furthermore, is the functional effect important but simply difficult to

detect in endothelial cells or is it relevant in an entirely different cell type that expresses

PAR1? Is it important for cellular responses that occur in minutes, hours, over a period

of days or longer? If, as we speculate in Chapter III, shedding does represent a form of

&heterologous down-regulation of PAR1, what is the “real” physiological upstream

activator? Or, is exodomain shedding not functionally important for PAR1, but rather for

another GPCR or other GPCRs altogether?

It is difficult to imagine a way to attack these questions that would not involve a

myriad of candidate approaches. Nonetheless, with some judicious prioritizing, based on

known PAR1 expression patters and the tempo of important PAR1-dependent cellular
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responses, a manageable number of candidate-based scenarios could be experimentally

tested with a reasonable chance for success. For instance, TAPI-sensitive effects on

thrombin signaling over a range of durations in neurons, smooth muscle cells, endothelial

cells and platelets could be tested for using a limited number of cell type-appropriate

GPCR agonists as sheddase activators.

As either a complimentary or an alternative approach, one might endeavor to

determine the relevance of PAR1 shedding in vivo by generating a “loss-of-function”

mutant. That is, if one could engineer a mutant form of PAR1 that is insensitive to the

sheddase activity (by identifying and altering the sheddase cleavage site), but normal in

other functional respects (most importantly, with regard to thrombin activation), the gene

for this altered form of the receptor could be “knocked-in” to the wild-type PAR1 locus

in a mouse and progeny could be screened for resultant mutant phenotypes. Such an

approach would require substantial effort, however, and thus would probably only be

warranted once a TAPI-sensitive effect on thrombin signaling has first been demonstrated

in vitro. Some preliminary experiments in endothelial cells testing the potential effect of

shedding on cellular responses of longer duration than those examined in Chapter III

(specifically, those involved in cell survival) have been conducted, and thus far, have

rendered negative results. Experiments to examine the potential effect of PAR1 shedding

on thrombin signaling in other cell types, however, such as smooth muscle cells, platelets

and/or neuronal cells, are also planned.

An additional result of the work described in Chapter III has been the

development of a new, extremely sensitive method by which PAR1 cleavage and

activation (and activation of other protease-activated receptors) in living cells, and over
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time, is measured using chemiluminescent detection of alkaline phosphatase-tagged

exodomains. Chapter IV described a highly practical application of this method, as the

technique was used in conjunction with more conventional methods to shed light on the

important question of how APC's protective effects may, or may not, be mediated in

vivo. An in vivo study using a model of induced sepsis and PAR knockout mice is

currently underway in this lab in order to establish more conclusively whether PARs are

involved in APC protective effects in such a pathological setting. Preliminary results

from this study are inconclusive (Camerer and Coughlin, unpublished data), although

results from a recently published report by another group did not support the hypothesis

that PAR1 is important in APC-mediated protective effect in endotoxemic mice (100).

At the same time, it is intriguing that results from a very recent brain ischemia study by

anohter group suggest that mPAR1 (and, quite curiously, mPAR3) expressed on neuronal

cells may play a role in APC protective effects in this pathological state (98). To date, no

physiological functional role for PARs on neuronal cells has been definitively

established. Thus, it will be interesting to see if our in vitro method using AP-tagged,

heterologously expressed receptors can be adapted to neuronal cells, as this would enable

us to test the relative activity of APC and perhaps other proteases towards PAR1 (and

potentially other PARs, as well) in this context.

Finally, this lab has shown that PARs are involved in embryonic development

(19,59) and defining their functional role or roles in this context is currently a goal of

paramount importance in this lab. We have begun preliminary experiments in one study

designed to “directly prove” that the relevant activator of PAR1 in embryonic

development is, indeed, thrombin. Ultimately, the key experiment in this study will

83



entail “knocking in" to mice an engineered form of mPAR1 that can only be activated by

a corresponding engineered mutant form of thrombin, (which, likewise, will activate only

the mutant form of the receptor and not the wild-type), and looking to see if mutant mice

are normal when (and only when) they are homozygous for both the engineered receptor

and protease gene. The initial work in vitro to develop such a “customized”

protease/receptor pair will itself be a major undertaking (assuming it is even feasible), but

if successful, such a proof of concept would potentially be applicable to the study in vivo

of virtually any putative protease/substrate pair. Our very efficient technique of assessing

protease activity towards receptors with alkaline phosphatase tagging is amenable to

targeted mutational studies and will prove extremely useful in many phases of mutant

protease/receptor pair screening for this project. Perhaps, too, our knowledge gained

with regard to the effects of alterations to thrombin’s exosite I, as well as the function and

modularity of the mouse PAR3 hirudin-like domain, will prove useful in our efforts to

engineer a highly specific custom protease/receptor pair.

In summary, the work described in this thesis has contributed to several areas in

which exciting developments are ongoing. We expect these findings to contribute to

further important advances in: defining and exploiting the key elements of protease and

receptor structure/function relationships; understanding the functional role(s) for

“shedding” of G protein-coupled receptor exodomains; clarifying the now putative roles

for “non-traditional” PAR ligands such as APC; and identifying important novel ligands

that target protease-activated receptors.
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