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Allosteric Modulation of Protease-Activated Receptor Signaling
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Abstract: The protease-activated receptors (PARSs) are G protein-coupled receptors (GPCRs) that are uniquely activated
by proteolysis. PARs mediate hemostasis, thrombosis, inflammation, embryonic development and progression of certain
malignant cancers. The family of PARs include four members: PAR1, PAR2, PAR3 and PAR4. PARs harbor a cryptic
ligand sequence within their N-terminus that is exposed following proteolytic cleavage. The newly formed PAR N-
terminus functions as a tethered ligand that binds intramolecularly to the receptor to trigger transmembrane signaling. This
unique mechanism of activation would indicate that regardless of the activating protease, cleavage of PARs would
unmask a tethered ligand sequence that would induce a similar active receptor conformation and signaling response.
However, this is not the case. Recent studies demonstrate that PARs can be differentially activated by synthetic peptide
agonists, proteases or through dimerization, that ultimately result in distinct cellular responses. In some cases, allosteric
modulation of PARs involves compartmentalization in caveolae, plasma membrane microdomains enriched in cholesterol.
Here, we discuss some mechanisms that lead to allosteric modulation of PAR signaling.
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INTRODUCTION

The seven transmembrane superfamily of G protein-
coupled receptors (GPCRs) are the most abundant group of
signaling receptors in the mammalian genome and one of the
most important targets for drug development. GPCRs are
dynamic molecules assuming multiple conformational states,
many of which are "active" as defined by their ability to
modulate cellular activities [1]. The ability of GPCRs to
exist as multiple distinct conformations is related to their
capacity to be allosterically modulated. Several factors
influence allosteric modulation of GPCRs including, but not
limited to the binding of ligands to allosteric sites on the
receptor, interaction with other transmembrane proteins, the
plasma membrane microenvironment, receptor dimerization,
and the interaction of proteins with the intracytosolic
surfaces of the receptor. The capacity of different ligands or
factors to stabilize unique conformations of the same
receptor, results in distinct signaling responses and is a
phenomena termed as “biased” agonism [2].

Protease-activated receptors (PARS) constitute a unique
family of GPCRs that possess their own cryptic ligand
sequence, which is revealed upon proteolytic cleavage. The
family of PARs is comprised of four members including:
PAR1, PAR2, PAR3 and PAR4. PARs are activated
predominantly by serine proteases, which cleave the
extracellular N-terminus, exposing a new N-terminus that
acts as a tethered ligand by binding intramolecularly to the
receptor to trigger transmembrane signaling. The mechanism
of PARL activation by the coagulant protease thrombin has
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been most extensively studied [3, 4]. Thrombin binds to the
PARL N-terminal LDPR*-S**FLLRN sequence and cleaves
the R*-S* peptide bond exposing a new N-terminal ligand
sequence. A second interaction occurs between thrombin’s
anion-binding exosite and an N-terminal acidic region distal
to the cleavage site termed the “hirudin”-like domain, based
on sequence homology to the leech anticoagulant peptide
hirudin [5], which significantly enhances thrombin's affinity
for the receptor. Synthetic peptide agonists similar in
sequence to the newly exposed N-terminus can activate
PAR1 independent of thrombin and proteolytic cleavage,
albeit differently than that observed for thrombin in some
cases as discussed below. Amongst PARs, only PAR1 and
PARS3 contain the hirudin-like domain. PAR4 is also cleaved
by thrombin, but it lacks the hirudin-like domain and is a low
affinity receptor for thrombin. PAR2 is the only PAR not
activated by thrombin.

In addition to thrombin, numerous other proteases have
been shown to cleave and activate PAR1 including factor
Xa, plasmin, kallikriens, activated protein C (APC) and the
matrix metalloprotease-1 (MMP1). PAR4 and to a lesser
extent PAR3 can be activated by many but not all of the
same proteases. PAR2 is activated by factors Vlla and Xa
and by a distinct group of serine proteases including trypsin,
tryptase and the membrane-anchored matriptase. Clearly, a
diverse group of proteases can activate PARs raising the
possibility that different proteases may stabilize distinct
active receptor conformations to elicit unique cellular
responses in various cell types. Despite a vast literature on
PARs, the function of allosteric modulation by different
proteases, synthetic ligands or factors remains relatively
unexplored. Here, we discuss allosteric modulation of PARs
by peptide agonists, proteases, dimerization and by their
localization to distinct plasma membrane microdomains.
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PARS COUPLE TO MULTIPLE DISTINCT G
PROTEIN SUBTYPES

The heterotrimeric G proteins are comprised of o- and
By- subunits, which are each encoded by distinct genes and
are grouped into four different families based on sequence
homology and include the Gg11, Gs, Gip and Giaps Subtypes.
Once activated, GPCRs act as guanine nucleotide exchange
factors and promote GTP exchange for GDP on the o-
subunit, which causes dissociation from the By subunit and is
the rate limiting step for activation of subsequent signaling
responses. Similar to other GPCRs, PAR1 is promiscuous
and couples to multiple G protein subtypes including Gi,
Gqm1 and Gip3 to promote various signaling responses that
differ in distinct cell types. This phenomenon has been
observed in cells expressing endogenous PAR1 and in
cellular systems ectopically expressing PAR1. Previous
studies indicated that activation of PAR1 generally inhibits
CAMP accumulation and activates Racl through G;,
stimulates phospholipase C-mediated phosphoinositide
hydrolysis and calcium mobilization via G4 [6, 7], and
activates RhoA through Gy [8, 9]. Human PAR3 also
appears to couple to Gy, whereas activated PAR4 can elicit
signaling responses through Gg, G, and G113 depending on
the cell type. Activated PAR2 also differentially couples to
distinct G protein subtypes including G, G, and Gyan3that is
cell type-dependent. PAR2 further promotes sustained
signaling through stable interactions with [-arrestins,
independent of heterotrimeric G proteins. [-arrestins
function as scaffolds that elicit extracellular signal-regulated
protein kinase-1, 2 (ERK1, 2) activation from intracellular
compartments [10, 11]. The mechanisms that specify
activated PAR coupling to distinct G protein subtypes
remain poorly understood.

Verrall et al. previously demonstrated that the PAR1
second intracellular loop specifies coupling to G4 signaling
when examined by ectopic expression of chimeric receptors
in COS7 cells [12]. The PARL second intracellular loop
harbors a highly conserved glutamic acid (D), aspartic acid
(R) and phenylalanine (F), termed DRF or DRY motif that is
present in most GPCRs and is critical for receptor interaction
with G proteins. Mutation of DR to RD virtually ablated
activated PAR1 coupling to G protein signaling when
exogenously expressed in Xenopus oocytes [13]. More recent
studies have examined the capacity of activated PAR1 to
couple to various G protein subtypes in living cells using
bioluminescence resonance energy transfer (BRET). BRET
entails expressing a PAR1 fused to the energy acceptor
yellow fluorescent protein (YFP) at the carboxyl tail and the
G protein with the energy donor Renilla Luciferase (Rluc)
engineered within a helical domain that does not appear to
perturb G protein function. If the Rluc- and YFP-fused
proteins are in close enough proximity (~10 nm), then
energy transfer from Rluc to YFP occurs and causes the
latter to emit fluorescensce [14, 15]. Using BRET analysis,
Ayoub et al. showed that unactivated PAR1 basally
associates with G; in COS7 cells suggesting that it is
preassembled or localized together with G; in a plasma
membrane microdomain and is poised to signal following
activation [16]. After incubation with thrombin or peptide
agonists, activated PARL resulted in rapid stimulation of G;
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activation with a t ,, value of 5 sec, as determined by an
increased in BRET that was abolished by pertussis toxin or
PAR1 antagonists. The agonist-induced change in BRET
between PAR1-YFP and Gj-Rluc likely involves movement
within the preassembled complex that results in more
efficient energy transfer. Moreover, activated PAR1
coupling to G; signaling exhibited desensitization with an
attenuation of BRET that is correlated with the recruitment
of B-arrestin-1. In contrast to G;, Ayoub et al. also showed
that activated PARL slowly recruits Gy, to a population of
receptors not preassembled with Gy, or G; [15]. The PAR1
and Gy, complex forms after several minutes of activation
and is maintained for almost one hour, but whether the
complex remains active is not known. At face value, these
findings suggest the existence of two distinct PAR1
populations, one that is preassembled with G; and a second
that slowly recruits Gi,. The molecular basis for differences
in G protein subtype activation by PAR1 is not known and
could contribute to biased agonism.

DIFFERENTIAL ACTIVATION OF PARS BY
SYNTHETIC PEPTIDE AGONISTS

Previous studies indicated that activation of PARs with
synthetic peptide agonists fails to recapitulate the full
repertoire of responses when compared with activation by
native proteases, suggesting that PARs are capable of being
differentially activated. This has been most studied for PAR1
and PAR2 in various cellular contexts including human
endothelial cells. The activation of PAR1 with synthetic
peptide agonists SFLLRN or TFLLRNPNDK promotes
preferential coupling to Gq signaling. In contrast, thrombin
activation of PAR1 results in coupling to Giyy3 signaling
when examined in human dermal microvascular endothelial
cells [17]. The differential signaling responses observed with
thrombin and peptide agonist were revealed at low agonist
concentrations and were generally masked at high agonist
concentrations. In human brain microvascular endothelial
cells, thrombin activation of PAR1 induced rapid and
transient calcium responses and triggered endothelial barrier
permeability, whereas agonist peptide caused sustained
calcium responses with minimal effects on endothelial
barrier permeability [18]. In addition, mutations within the
PAR1 extracellular loops (ECLs) impaired peptide agonist
activation of the receptor but not thrombin [19], suggesting
that the activation mechanisms are not necessarily the same.
Similar to PAR1, activation of PAR2 is thought to occur
through cleavage and tethered ligand interactions with the
surface of the ECL2 domain [20]. Activation of PAR2 ECL2
mutants with peptide agonists was also impaired compared
to receptor activation with trypsin, a natural activating
protease [21]. Additional studies comparing the activation of
PAR2 tethered ligand mutants with trypsin and soluble
peptide mimetics harboring similar mutations revealed
different modes of activation by tethered versus soluble
agonist peptides [22]. Moreover, PAR2 tethered ligands and
soluble peptide agonist variants elicited distinct cellular
responses. These findings suggest that tethered versus
soluble agonist peptides differ in their capacity to stabilize
distinct active receptor conformations and promote biased
signaling.
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Fig. (1). Allosteric modulation of PARL1 signaling. In endothelial cells, activation of PAR1 with thrombin promotes coupling to Gq and G,
leading to PKC, Ca®* and RhoA activation the promotes endothelial barrier disruption. In contrast, activation of PAR1 with activated protein
C (APC) leads to Racl activation through B-arrestin and Dvl-2 and is critical for protecting the endothelial barrier. The biased agonism
promoted by APC activation of PAR1 requires compartmentalization in caveolae - lipid rafts enriched in cholesterol, sphingolipids and
caveolin-1. Recent work suggests that PARs interact with each other and result in distinct signaling responses compared to activation of

monomeric PARs.

PAR3 and PAR4 also exhibit differences in their
activation mechanisms compared to other PARs. The initial
characterization of human PAR3 indicated that it was
equally responsive to thrombin comparable to PAR1 when
expressed ectopically in Xenopus oocytes [23]. However, in
this system synthetic peptide agonists failed to activate
PARS3. Thus, the proteolytic cleavage of PAR3 appears to be
crucial for proper signaling when exogenously expressed. In
human smooth muscle cells, both thrombin and the PAR3-
activating peptide TFRGAP induced calcium mobilization, a
response desensitized by prior thrombin exposure indicating
that PAR3 is a functional thrombin receptor in human
smooth muscle cells [24]. Thrombin signaling in human lung
epithelial cells is also mediated by endogenous PAR3, since
these cells lack PAR1 and PAR4 expression [25]. Human
PAR3 was shown to heterodimerize with PARL in human
pulmonary artery endothelial cells and dimerization
allosterically modulates PAR1 signaling towards preferential
coupling to G,3 activation (Fig. 1) [26]. PAR1 also appears
to dimerize with PAR2. Thrombin cleavage of the PAR1 N-
terminus unmasks a tethered ligand domain that binds to and
activates PAR2 in trans to promote distinct signaling
responses [27, 28]. Transactivation of PAR2 by PAR1 has
been implicated in endothelial barrier protection during
sepsis [28], and switches the signaling responses of thrombin
from Gyy13-mediated barrier disruptive to Gi-induced barrier
protective. Thus, dimerization of PARs modulates G protein
coupling specificity and signaling responses, and ultimately
promotes biased agonism.

The signaling capacity of PAR3 is species dependent. In
murine platelets, activated PARS3 fails to signal and instead
functions as a cofactor for the cleavage and activation of
PAR4 by thrombin [29]. As mentioned above, PAR4 lacks

the hirudin-like sequence and is a low affinity receptor for
thrombin [30]. PAR4 is less sensitive to synthetic peptide
agonists compared to other PARs. The synthetic peptide
agonist that mimics the PAR4 native tethered ligand
sequence GYPGQV lacks potency and requires high agonist
concentrations to drive receptor activation. However, an
agonist peptide variant AYPGKEF is ten times more potent at
activating PAR4 than the natural peptide agonist and is
comparable to thrombin at triggering cellular responses in
some cell types [31]. Moreover, activation of PAR4 by
thrombin or peptide agonists exhibits a slower onset, but
sustained signaling response compared to PAR1, which
displays rapid and transient coupling to G protein signaling
[32]. PAR4 also differs from PAR1 in G protein coupling
specificity. In human platelets, activated PAR4 couples
predominantly to G4 and Giz13 but not Gjj, [33], whereas in
human endothelial cells PAR4 preferentially couples to G,
and not G signaling [34]. The differential activation of
PAR3 and PAR4 by tethered versus peptide agonist and the
subsequent activation of diverse signaling responses suggest
the existence of multiple distinct active receptor
conformations.

DIFFERENTIAL ACTIVATION OF PARS BY PRO-
TEASES

The proteolytic activation of PARs reveals a cryptic
tethered ligand sequence that binds intramolecularly to the
receptor to trigger transmembrane signaling and thus, it was
expected that cleavage of PARs with different proteases
would activate similar signaling cascades and exhibit linear
efficacy. The phenomenon of linear efficacy assumes that the
capacity of an agonist to activate a signaling response is
linearly related to subsequent receptor behaviors such as
phosphorylation, desensitization and internalization [35].
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However, this is not the case for the activation of PAR1 with
different proteases. The best example of differential
activation of PARs by proteases occurs with thrombin versus
activated protein C (APC), which results in distinct
regulation of endothelial barrier permeability (Fig. 1) [36].
Thrombin activation of PAR1 promotes coupling to G4 and
Gi2n3 in endothelial cells and causes disassembly of adherens
junctions and reorganization of the actin cytoskeleton via
RhoA signaling and results in rapid and transient disruption
of the endothelial barrier [37]. Conversely, APC cleaves and
activates PAR1 on endothelial cells to stabilize the
endothelial barrier. Moreover, prolonged incubation with
APC protects against thrombin-induced endothelial barrier
disruption [38, 39]. APC requires PAR1 for its
cytoprotective functions since loss of PAR1 signaling by
anti-PAR1 blocking antibodies or siRNA-mediated
knockdown of PAR1 expression abolished the ability of
APC to protect against thrombin-induced endothelial barrier
permeability [38, 40]. APC-activated PARL is also linked to
endothelial barrier protection in vivo [41]. In contrast to
thrombin-activated PAR1, endothelial cells stimulated with
APC do not exhibit changes in RhoA signaling. Rather APC-
activated PAR1 appears to couple preferentially to Racl
activation [39, 40]. The endothelial barrier is maintained by
basal Racl activity through modulation of the actin
cytoskeleton and enhanced junctional linkages, whereas
increased Racl activity is thought to counteract RhoA
signaling and is important for restoring endothelial barrier
[37]. The capacity of APC to enhance endothelial barrier
integrity is suggested to involve transactivation of the G;
coupled sphingosine-1-phosphate (S1P) receptor [38, 39].
The S1P receptor activates Racl and is a key regulator of
basal endothelial barrier integrity examined in cultured cells
in vitro and in vivo, where plasma S1P levels are high [42].
The relative contribution of APC-activated PAR1 toward
direct activation of Racl versus S1P receptor transactivation
in APC cytoprotective signaling in endothelial cells has not
been thoroughly examined.

As discussed above, activated PAR1 couples to multiple
G protein subtypes including G;, Gq, Gi213 €ven in the same
cell. While the mechanisms that specify PAR1 coupling to
distinct heterotrimeric G protein subtypes are not known,
differential coupling to specific G protein subtypes may
impart protease-selective or biased PAR1 signaling.
Although thrombin and APC are thought to cleave PAR1 at
the same LDPR*-S*FLLRN site, thrombin cleaves PAR1
with considerably greater efficiency compared to APC [43],
but differences in rates of PAR1 cleavage by thrombin
versus APC are not responsible for the distinct cellular
responses elicited by the proteases [40, 44]. In contrast to
thrombin, APC-activated PAR1 fails to stimulate Gg- or
Gi2n3-dependent signaling responses. Rather, APC-activated
PAR1 appears to require G; to maintain endothelial barrier
integrity based on studies using pertussis toxin which ADP-
ribosylates Gj, proteins, rendering them inactive [45].
However, this study did not discriminate between the effects
of pertussis toxin on Gj, inactivation directly on APC-
mediated intracellular signaling versus S1P receptor
activation, which couples to G; to maintain basal endothelial
barrier integrity. In recent work, we found that APC signals
through B-arrestins and dishevelled-2 (Dvl-2) and not Gi to
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activate Racl signaling and to promote endothelial barrier
protection [70]. Therefore, distinct mechanisms may mediate
basal versus agonist-triggered endothelial barrier protection.

The compartmentalization of PAR1 in caveolae is
important for biased signaling induced by APC. Caveolae
are lipid rafts enriched in cholesterol and sphingolipids that
exist as form 60-80 nm invaginations and require the
structural protein caveolin-1 for formation and facilitate
receptor-effector coupling [46]. Studies using sucrose
gradient fractionation indicate that PAR1 together with the
APC co-factor endothelial protein C receptor (EPCR) are
present in caveolin-1 enriched fractions [47, 48]. The use of
cholesterol depleting agents or siRNA-mediated caveolin-1
depletion further suggested that APC cytoprotective
signaling requires compartmentalization in caveolae [40, 48].
Interestingly, after APC treatment the majority of PAR1
remains intact on the cell surface as determined by its
susceptibility to thrombin cleavage [40]. These findings
suggest that APC only cleaves and activates a small
population of cell surface PAR1. Furthermore, APC-
activated PAR1 remains on the cell surface and fails to
internalize in contrast to thrombin activated PAR1 [40, 49].
These studies suggest that in endothelial cells, APC targets a
distinct subpopulation of PAR1 residing in caveolae that
undergo differential activation and signal termination
processes compared to thrombin-activated PAR1. A more
recent study indicates that another coagulant protease factor
Vlla binds to EPCR to facilitate PAR1 activation,
cytoprotective Racl signaling and endothelial barrier
protection [50]. Activation of PAR2 is also differentially
regulated based on its localization to caveolae. Tissue-factor-
VIla mediated activation of PAR2 requires intact caveolae,
whereas activation of PAR2 with synthetic peptide agonists
can occur in the absence of caveolae as demonstrated by
cholesterol depletion experiments [51]. Whether PAR2
compartmentalization is important for eliciting distinct
signaling responses was not determined. Thus, the
localization of PARs in plasma membrane microdomains
restricts activation to a subset of signaling effectors
important for biased agonism.

The matrix metalloprotease-1 (MMP1), also known as
interstitial collagenase, can cleave and activate PAR1 at
distinct cleavage sites in various cell types resulting in
differential activation. In invasive breast carcinoma, MMP1
was shown to cleave PARL at the canonical N-terminal
LDPR*-S*FLLRN site generating a tethered ligand that
induced a modest elevation of intracellular calcium
compared to thrombin, to stimulate breast cancer cell
motility [52]. Thus, MMP1 activity generated from stromal
fibroblasts appears to induce cancer cell migration through
the activation of PAR1 via a proteolytic cleavage mechanism
similar to that reported for thrombin [3]. Interestingly,
however, substrate specificity analysis of MMP1 cleavage of
the PAR1 exodomain in vitro using the amino terminus of
PAR1, spanning residues A% through L' and exogenous
MMP1 indicated that the SFL**-L**RN peptide bond is the
preferred site of cleavage [53]. More recently, Trivedi et al.
showed that collagen induced MMP1 activation of PAR1 on
the surface of platelets and promoted preferentially coupling
to RhoA activation [54]. Remarkably, MMP1 appears to
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cleave the PAR1 N-terminal exodomain at LD%-
P*RSFLLRN site, which is two residues proximal to the
canonical thrombin cleavage site. These findings suggest that
endogenous proteases can differentially activate PAR1
signaling by generating different tethered ligands that
presumably stabilize distinct active PAR1 conformations.
However, it remains to be determined whether APC
differently cleaves PARs compared to thrombin.

MOLECULAR BASIS OF PAR BIASED AGONISM

The observation that APC associates with its co-factor
EPCR in caveolae and activates PAR1 to facilitate
cytoprotective  signaling  indicates  that  receptor
compartmentalization is one mechanism that contributes to
differential signaling [40, 48]. However, the mechanisms
responsible for targeting PARL to caveolae and facilitating
biased signaling are largely unknown. It is possible that
modification of PAR1 by palmitoylation is important for
targeting the receptor to caveolae. Palmitoylation is a post-
translational modification in which palmitate, a 16-carbon
fatty acid, is added to a cysteine residue via a thioester
linkage. This madification is a dynamic process whereby the
palmitoyl group is added enzymatically through palmitoyl
acyl transferases (PATSs) and removed by palmitoyl-protein
thioesterases (PPTs). The first PATs were identified in yeast
and found to have a conserved aspartate-histidine-histidine-
cysteine (DHHC) motif [55]. Recently, twenty-three putative
PAT DHHC proteins were identified in the human genome
and appear to localize to distinct subcellular compartments
[55].

A number of GPCRs have been reported to undergo
palmitoylation on conserved cysteine residues within the
carboxyl terminal tail. The modification of GPCRs by
palmitoylation appears to have multiple functions in receptor
signaling and trafficking [56]. Palmitoylation of some
GPCRs is important for proper maturation and trafficking of
the receptors within the biosynthetic pathway. In addition,
GPCR palmitoylation can influence the efficiency and
specificity of receptor coupling to G proteins. Palmitoylation
also regulates GPCR localization to lipid rafts and endocytic
trafficking. Palmitoylation of the D1 receptor specifies
internalization through caveolae rather than clathrin-coated
pits  [57], whereas palmitoylation of the 5-
hydroxytryptamine-1A receptor is important for retention in
lipid rafts [58] and is crucial for coupling to G; signaling
[59]. The localization of the p-opioid receptor (MOR) to
lipid rafts requires stable interaction with G; and regulates
agonist selective signaling [60], but itself does not appear to
be palmitoylated, indicating that palmitoylation is not
absolutely required for lipid raft localization of some
GPCRs. The activation of MOR with etorphine results in -
arrestin recruitment, translocation out of lipid rafts and
dissociation from G;, whereas morphine induces MOR
coupling to G; with minimal effects on B-arrestin
recruitment, phosphorylation or internalization. Modification
of the endothelin-1 receptor with palmitoylation is important
for Gq signaling but not for stimulation of G activation of
adenylyl cyclase [61], suggesting that receptor
palmitoylation affects G protein coupling specificity.
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The palmitoylation of GPCRs within the carboxyl tail
was predicted to result in the creation of a fourth intracellular
loop. Indeed, the X-ray crystal structure for rhodopsin
confirmed the presence of a fourth intracellular loop that
exists as an a-helix and is often referred to as the 8" helix
[62]. Moreover, palmitoylation of rhodopsin is important for
activation of the G protein transducin [63]. A recent study
has demonstrated palmitoylation of PAR2 [71], but whether
other PARs are palmitoylated is not known. The sequence
alignments of PAR carboxyl tails indicate the presence of
two highly conserved juxtamembrane cysteine residues in
PARL1 and a single cysteine residue in PAR2 [64]. There are
no cysteine residues present in human PAR3 or PAR4
carboxyl terminal tails making it unlikely that these receptors
are modified by palmitoylation. A structural model of PAR1
based on the X-ray structure of rhodopsin indicates that
palmitoylation of cysteine (C) residues C**” and C*® would
likely create an 8" helix that appears to be important for
receptor coupling to G signaling [65]. Mutagenesis of the
PAR1 C*" and C?®® residues to serine (S) failed to affect the
maximal signaling response induced by thrombin or
SFLLRN as assessed by monitoring Gg-mediated
phosphoinositide hydrolysis, but caused a shift in the
concentration effect curves. Interestingly, the change in ECs
response was considerably greater with agonist peptide
compared to thrombin, suggesting differences in intra-
versus inter-molecular activation mechanisms. Whether such
changes in PAR1 are actually due to palmitoylation was not
determined in this study and is further complicated by the
finding that serine can be wused as an alternative
palmitoylation site as shown previously for the human
transferrin receptor [66]. Thus, it remains to be determined
whether PAR1 is modified by palmitoylation and whether
altering the status of palmitoylation has any consequence on
G protein coupling specificity.

CONCLUSIONS

The findings that small molecules can function as
allosteric modulators of GPCRs by binding to distinct sites
on the receptor to modulate some, but not all signaling
responses provides an important opportunity for new PAR
drug development [35]. PARs couple to diverse signaling
pathways and this raises the possibility that certain drugs
could be developed to selectively block some but not all
signaling pathways. The development of such allosteric
modulators for PARs would have critical functions in
modulating thrombosis, hemostasis, inflammation and
progression of certain malignant cancers without global
disruption of PAR function.

Two allosteric modulators of PAR1 have been described
in the literature that appear to specifically regulate cell
proliferation, fibrosis and thrombosis through inhibition of
the G, signaling pathway. A previous study showed that the
small molecule benzimidazole derivate Q94 selectively
blocks thrombin-activated PAR1 coupling to G signaling
important for mouse lung fibroblast proliferation and
fibroblast-to-myofibroblast differentiation [67, 68]. In recent
work, Dowal et al. identified an inhibitory molecule termed
JF5 that appears to require the putative PAR1 8™ helix to
inhibit G signaling stimulated by SFLLRN in platelets [69].
Remarkably, however, the same compound JF5 failed to
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affect SFLLRN-mediated signaling to G, when examined in
MDCK epithelial cells. JF5 was also shown to inhibit mouse
PARA4 signaling based on the observed decrease in arteriolar
thrombus formation using a laser induction model. Mouse
PAR4 possesses a carboxyl tail cysteine residue that is not
conserved in human PAR4, suggesting that palmitoylation
and formation of the 8" helix may be important for JF5
effects in vivo. Clearly, more work is needed to delineate the
mechanisms by which activated PARs couple to distinct
signaling pathways and the contribution of posttranslational
modifications to this process. This new information will
facilitate the development of novel therapeutics that can be
used to selectively modulate PAR specific signaling
responses important for various diseases.
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ABBREVIATIONS

ADP = adenosine diphosphate

APC = activated protein C

BRET = bioluminescence resonance energy transfer

cAMP = cyclic adenosine monophosphate

DHHC = aspartate-histidine-histidine-cysteine

ECsxo = half-maximal effective concentration

ECL = extracellular loop

EPCR = endothelial protein C receptor

ERK1,2 = extracellular signal-regulated protein kinase-
1,2

GPCR = G protein-coupled receptor

MDCK = Madin-Darby canine kidney

MMP-1 = matrix metalloprotease-1

MOR = m-opiate receptor

PAR = protease-activated receptor

PATs = palmitoyl acyl transferases

PPTs = palmitoyl-protein thioesterases

Rluc = Renilla luciferase

S1P = sphingosine-1-phosphate

tio = half-life

YFP = vyellow fluorescent protein.
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