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ABSTRACT OF THE DISSERTATION

Functional characterization of protease-activated receptor-1 palmitoylation in receptor
signaling and trafficking

by

Isabel Canto Cordova

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2014

Professor JoAnn Trejo, Chair

G protein-coupled receptors (GPCRs) are the largest family of signaling
receptors that respond to diverse stimuli and regulate many physiological responses.
GPCR:s elicit their cellular responses by coupling to distinct subtypes of heterotrimeric
G-proteins composed of Ga and Gfy subunits. Activated GPCRs undergo
conformational changes that allow the receptor to exchange GDP for GTP on the Ga
subunit, which induces dissociation from the fy subunits and subsequent downstream

signaling. Protease-activated receptor-1 (PAR1) is a member of a family of GPCRs

XX



that are proteolytically activated. PAR1 is a receptor for the coagulant protease
thrombin, and is capable of coupling to multiple G-protein subtypes to elicit various
cellular responses; however, the mechanisms that regulate this selectivity are not well
understood. Palmitoylation is a post-translational modification that many GPCRs
possess, and is defined as the addition of palmitate, a 16 carbon fatty acid, to a
cysteine residue via a thioester linkage. Many GPCRs are palmitoylated on their C-
terminal tails, but the role of this modification differs based on the GPCR being
examined. In this dissertation, | examined the role of palmitoylation in PAR1 signaling
and trafficking. | defined the sites of PAR1 palmitoylation to occur on conserved C-tail
cysteine residues C*”and C**. | discovered that palmitoylation is important for other
PAR1 post-translational modifications, specifically phosphorylation and ubiquitination.
I also show that palmitoylation of PAR1 regulates the accessibility of a nearby
tyrosine-based sorting motif to the adaptor-protein complex-2 (AP-2) and -3 (AP-3),
which controls receptor internalization and degradation. Additionally, palmitoylation
appears to be important for the regulation of selective PAR1-induced signaling
pathways such as Gayz/43 -induced RhoA activation, Ga; coupling, and thrombin-
stimulated p38 MAPK signaling pathways. However, thrombin-induced Gog-mediated
phosphoinositide hydrolysis and ERK1/2 activation are unperturbed in the absence of
PAR1 palmitoylation. Taken together, the studies summarized in this dissertation
highlight the relevance of palmitoylation for PAR1 function, and suggest that
palmitoylation governs a C-tail conformation that is important for accessibility of other
proteins such as ligases, kinases, adaptor proteins, and G-proteins, ultimately

regulating PAR1 signaling and trafficking.

XXi



Chapter 1: An introduction to palmitoylation of GPCRs and PAR1 signaling

1.1 Introduction

The seven transmembrane superfamily of G protein-coupled receptors
(GPCRs) are highly targeted for drug development, as they are the most abundant
group of signaling receptors in the mammalian genome and implicated in multiple
disease states (1-3). A better understanding of GPCR signal regulation is critical for
the development of therapeutics for the prevention and treatment of various diseases.
Post-translational modifications are one mechanism that modulate GPCR signal
transduction. It has been demonstrated that GPCRs are modified with ubiquitination
(4), phosphorylation (5), and glycosylation (6). Palmitoylation is one such
modification in which palmitate, a 16 carbon fatty acid, is added to a cysteine residue
through a thioester linkage. It has been shown that many GPCRs are palmitoylated
on cysteine residues in the C-terminal tail (7). Palmitoylation has been shown to be
important for some soluble proteins to associate with membranes (8,9). However,
considering that GPCRs are seven transmembrane proteins, palmitoylation may
serve a function other than plasma membrane association. The focus of this thesis
dissertation is to examine the function of palmitoylation in the signaling and trafficking
of protease-activated receptor-1 (PAR1), a GPCR for the coagulant protease

thrombin.

1.1.2 Thrombin generation and cellular responses

Thrombin is generated at sites of vascular injury and in thrombotic disease.

As the main effector protease of the coagulation cascade, thrombin regulates



hemostasis and thrombosis, and has also been implicated in inflammation, blood
vessel formation, and cancer progression (10,11). Thrombin is generated through a
series of zymogen conversions, which are dependent upon the presence of tissue
factor, an integral membrane protein that is expressed by cells that are normally
segregated from blood (Fig. 1.1). Thrombin cleaves the N-terminus of soluble
fibrinogen to form fibrin monomers, which then undergo end-to-end polymerization to
form protofibrils, and ultimately lateral association to form a fibrin network (12). As a
mechanism to terminate coagulation, thrombin binds to thrombomodulin, an integral
membrane protein expressed on the surface of endothelial cells. The thrombin-
thrombomodulin complex enhances thrombin-mediated cleavage of protein C to
generate activated protein C (APC) (13,14). APC, along with its cofactor protein S,
inactivates the upstream coagulation factors Va or Vllla, to prevent further thrombin

generation (15).

Thrombin also acts on multiple cell types in the vasculature, such as platelets
and endothelial cells (Fig. 1.1). Thrombin-mediated platelet activation causes cell
shape change, aggregation, upregulation of P-selectin and integrins, and granule
secretion which results in the release of ADP, serotonin, thromboxane A2,
chemokines and growth factors (16). Platelet aggregation is mediated by the binding
of surface integrin oui,/p3 to fibrinogen and von Willebrand factor (17). Thrombin also
activates endothelial cells by upregulating cytokines such as interleukin (IL-8) (18)
and monocyte chemotactic protein 1 (MCP-1) (19). Thrombin activation of endothelial
cells also upregulates expression of the adhesion molecule P-selectin at the cell

surface (20), which is critical for leukocyte and platelet rolling (21). Thrombin also



induces endothelial cell rounding and gap formation, resulting in increased endothelial

monolayer barrier permeability (22) and vasodilation (23).

1.1.3 PAR1 expression and function

Thrombin mediates cellular responses mainly through activation of the G
protein-coupled protease-activated receptor-1 (PAR1). PAR1 belongs to a unique
family of GPCRs that are proteolytically cleaved for receptor activation. The family of
PARs is comprised of four members including: PAR1, PAR2, PAR3 and PAR4. PAR1
was discovered as the first human thrombin receptor in 1991 through an expression
cloning screen using Xenopus laevis oocytes. Briefly, mMRNA isolated from
megakaryocyte cell lines was microinjected into oocytes, and measured for **Ca®*
release and inward current in response to thrombin. It was shown that these oocytes
responded to thrombin at nanomolar concentrations, similarly to the pharmacology
observed in platelet aggregation (24). The isolated mRNA was then size fractionated
by sucrose centrifugation, and assayed in the oocyte system for thrombin
responsiveness. It was determined that the 4kb fraction conferred the most thrombin
receptor activity, and thus was used to generate a cDNA library. The library was
plated in 50 pools, at 20,000 clones per pool, then capped cRNA from each pool was
screened by the oocyte system for thrombin activity. A single 3.4 kb cDNA clone was
identified from the screen, and sequenced to identify the thrombin receptor (24). The
thrombin cleavage site was identified to occur at arginine (R)*'-serine (S)*.
Furthermore, a synthetic peptide that mimics the newly cleaved N-terminus of PAR1
was shown to be sufficient to stimulate Ca®* mobility in Xenopus laevis oocytes (24).

Knockout of the PAR1 gene in mice resulted in 50% lethality, wherein most embryos



died at embryonic day 9-10, suggesting a role for PAR1 in vascular development (25).
In fact, endothelial cell specific expression of PAR1 in a transgenic mouse model was
sufficient to rescue lethality in PAR1 -/- mice (26). Additionally, platelets from the
PAR1 -/- mice retained thrombin responsiveness, whereas fibroblasts did not.
Furthermore, these PAR1 -/- platelets did not respond to the human or mouse PARH1
agonist peptides (25). The results from this study prompted the discovery of the other
thrombin receptors PAR3 and PAR4 (27,28). PAR2 is the only member of the PAR
family that is not activated by thrombin, but instead is activated by trypsin-like serine
proteases (29). Murine platelets express PAR3 and PAR4, whereas human platelets
express PAR1 and PARA4, thus there are species-specific differences in PAR

expression depending on the cell type.

The mechanism of PAR1 activation by the coagulant protease thrombin has
been most extensively studied (24,30). Thrombin binds to the PAR1 N-terminal
LDPR*'-S*FLLRN sequence and cleaves the R*'-S* peptide bond exposing a new
N-terminal ligand sequence (Fig. 1.2). Thrombin also has a second site of interaction
termed exosite |, which is targeted by the leech anticoagulant peptide hirudin (31).
PAR1 contains an N-terminal acidic region distal to the cleavage site termed the
“hirudin”-like domain, based on sequence homology to the leach anticoagulant hirudin
(Fig 1.2). This domain interacts with exosite | of thrombin and significantly enhances
thrombin's affinity for the receptor. Amongst PARs, only PAR1 and PARS3 contain the
hirudin-like domain. PAR4 is also cleaved by thrombin, but it lacks the hirudin-like

domain thus making it a low affinity receptor for thrombin.



PAR1 is expressed in a variety of cell types including platelets, endothelial
cells, smooth muscle cells, fibroblasts, epithelial cells, and astrocytes. In endothelial
cells, PAR1 is critical for barrier regulation, expression of adhesion molecules, and
release of growth factors and cytokines (10) (Fig 1.1). In smooth muscle cells and
fibroblasts, PAR1 is important for cell proliferation and migration, which could be
important in proper wound healing (32,33). PART1 is also expressed in T-
lymphocytes, where activation of PAR1 induces cytokine production (34). PAR1
activation in sensory neurons causes release of substance P and edema (35). PAR1
is also expressed in astrocytes and glioblastoma cell lines (36). PAR1 activation in
glial cells can trigger astrogliosis in the event of brain injury (37). PARH1 is also highly
expressed in aggressive melanoma, colon cancer, prostate cancer, and invasive
breast cancers (11). Knockdown of PAR1 in breast carcinoma has been shown to
decrease invasiveness (38). However, the mechanisms of PAR1 mediated tumor
progression can vary and have been attributed to defects in PAR1 trafficking (38),
transactivation of other receptors such as EGFR/ErbB2 (11,39) or proteases available

within the tumor microenvironment that can activate PAR1 (40).

In addition to its broad expression, PAR1 is also capable of being cleaved by
multiple proteases to elicit cellular responses. PAR1 is cleaved by factor Xa (41),
plasmin (42), and kallikreins (43). Matrix metalloprotease 1 (MMP-1) has been shown
to be activated on platelets in response to collagen exposure, and cleaves PAR1 at a
site that is distinct from that of thrombin (44) (Fig 1.4). Interestingly, plasmin can
cleave PAR1 at the thrombin cleavage site arginine (R)*' at high concentrations.

Alternatively, plasmin can also cleave at sites R’ lysine (K)"®, or K¥to disarm the



receptor and desensitize PAR1 (42). PAR1 can also be cleaved by the anticoagulant
protease activated protein C (APC). APC is generated on the endothelial cell surface
when endogenous protein C (PC) bound to the endothelial protein C receptor (EPCR)
is cleaved by the thrombin-thrombomodulin complex (45). APC degrades upstream
coagulant factors Va and Vlla to diminish thrombin generation. However, when APC
is bound to endothelial protein C receptor (EPCR), it directly activates PAR1 and
elicits anti-inflammatory and endothelial barrier-protective responses, opposite of
what is observed with thrombin-activation of PAR1 (45-47). APC has been shown to
cleave at the R*® rather than the R*' site utilized by thrombin (48). Our lab has shown
that localization of PAR1 to caveolae is required for APC, but not thrombin activation
of PAR1 signaling and endothelial barrier protection (46,47,49). Although PAR1
exhibits protease dependent biased agonism, it is not known how PAR1 couples to

multiple G-protein subtypes in response to thrombin stimulation.

1.1.4 PAR1 signaling and regulation

The heterotrimeric G proteins are comprised of a- and py- subunits, which are
each encoded by distinct genes and are grouped into four different families based on
sequence homology and include the Ga11, Gas, Gain and Goz13 subtypes. Once
activated, GPCRs act as guanine nucleotide exchange factors and promote GTP
exchange for GDP on the a-subunit, which causes dissociation from the py subunit
and is the rate-limiting step for activation of subsequent signaling responses. PAR1
activates multiple heterotrimeric G-protein subtypes including Gayz/13, Gog, Gag, and
Gpy, allowing for diverse cellular responses (10,11) (Fig. 1.2). Ga.y213 can bind to Rho-

guanine nucleotide exchange factors (GEFs) to activate RhoA (50), which mediates



cytoskeletal responses that are involved in platelet shape changes (51) as well as cell
migration and endothelial permeability (52). Gaq activates phospholipase C- B(PLC-)
mediated phosphoinositide (PI) hydrolysis, calcium mobilization, and protein kinase C
activation (53,54). Gag signaling mediates platelet aggregation and endothelial cell
transcriptional responses through the activation of calcium-regulated kinases and
phosphatases, RasGEFs, and mitogen-activated protein (MAP) kinase cascades
(55,56). PAR1 activation of Gai inhibits adenylyl cyclase (54). Gy subunits have
been shown to activate phosphoinositide-3-kinase, which generates
phosphatidylinositol-(3,4,5)-trisphosphate (PIP3), important attachment sites at the
inner leaflet of the plasma membrane for a host of signaling effectors; Gpy can also
activate other lipid-modifying enzymes, protein kinases and channels (57). Itis not
clear how PAR1 selectively couples to specific G-protein subtypes within the same
cell, and there is limited knowledge about the regulation of PAR1 signal termination.
Post-translational modifications of PAR1 could provide critical regulatory functions for

these processes, and thus are examined in this dissertation.

PAR1 signal termination mechanisms are critical for the fidelity of signaling.
Similar to most classic GPCRs, activated PAR1 is rapidly desensitized by
phosphorylation and p-arrestin binding (58,59). PAR1 phosphorylation is mediated by
G-protein receptor kinases (GRKSs), as overexpression of GRKs 3 and 5 enhance
PAR1 phosphorylation (60,61). p-arrestin-1 is an important mediator of PAR1
desensitization, as PAR1 activation shows increased Pl hydrolysis in 3-arrestin-1, but
not B-arrestin-2, knockout mouse embryonic fibroblasts (MEFs) (58). p-arrestin

recruitment to PAR1 is also independent of phosphorylation. A phosphorylation-



deficient mutant of PAR1 displays enhanced PI hydrolysis in response to thrombin, a
phenotype that is rescued with overexpression of p-arrestin-1 (59). In addition to
desensitization, trafficking of PAR1 is critical for regulation of thrombin signaling
(11,38). However, unlike most GPCRs, PAR1 displays constitutive and agonist-

induced internalization that occur independent of p-arrestins (58).

1.1.5 PAR1 trafficking

Trafficking of PAR1 is crucial for regulating signaling responses. PAR1
displays two modes of trafficking that are critical for regulating the amount of receptor
expressed at the cell surface (Fig.1.3). Unactivated PAR1 is constitutively
internalized and recycled, which generates a pool of uncleaved PAR1 that
replenishes the cell surface and is important for rapid resensitization after thrombin
exposure (62). PAR1 constitutive internalization requires the clathrin adaptor protein
complex-2 (AP-2) (63), which is comprised of a, 2, u2 and o adaptin subunits. AP-2
regulates internalization of transmembrane proteins via u2-adaptin subunit interaction
with tyrosine-based YXXJ motifs, where Y is tyrosine, X denotes any amino acid and
@ is a bulky hydrophobic residue (64,65). PAR1 contains two tyrosine-based motifs
within its C-tail: one located proximal to the seventh transmembrane domain and the
other at the distal end of the C-tail. The u2-subunit of AP-2 directly binds to a
tyrosine-based motif localized within the PAR1 C-tail and promotes constitutive
internalization (63) (Fig. 1.3). PAR1 contains multiple lysine residues in its C-tail
which can be post-translationally modified with ubiquitin (Figure 1.4). Basal
ubiquitination at PAR1 C-tail lysine residues negatively regulates constitutive

internalization, as a ubiquitin deficient mutant of PAR1 is rapidly internalized in the



absence of agonist (66). The distal tyrosine-based motif localized within the PAR1 C-
tail has two lysine residues that are likely modified with ubiquitin, and thus impede

AP-2 interaction (66) (Fig. 1.3).

Internalization and lysosomal sorting of activated PAR1 is important for
preventing persistent signaling. Activated PAR1 internalization is clathrin and
dynamin dependent (67), but independent of -arrestins (58). Receptor
phosphorylation is critical for PAR1 internalization (59), but ubiquitination is not (66).
AP-2 also mediates activated PART1 internalization through a distinct mechanism that
requires phosphorylation at the distal C-terminus and not the distal tyrosine based
sorting motif (68). Basal ubiquitination of activated PAR1 is necessary for
internalization mediated by epsin-1, a clathrin adaptor protein that binds to

polyubiquitin via its ubiquitin-interacting motifs (68).

Following internalization, PAR1 is sorted to endosomes and then to the
intraluminar vesicles of multivesicular bodies (MVBs) for degradation. PAR1
degradation requires the proximal tyrosine-based sorting motif (YSIL), which is
located near the putative palmitoylation sites in the PAR1 C-tail. Mutagenesis of the
proximal motif does not affect PAR1 internalization, but prevents PAR1 degradation
(69). Adaptor protein complex-3 (AP-3) interacts with a C-tail proximal tyrosine motif
YSIL at the sorting endosome to facilitate degradation of activated PAR1 (70). Sorting
of activated PAR1 to MVBs occurs through an ESCRT-IlI-dependent pathway
independent of ubiquitination (71). This trafficking is mediated by a YPX(3)L motif in

the PAR1 2nd intracellular loop that interacts with ALIX, a charged MVB protein 4-
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ESCRT-IIl interacting protein. Additionally, AP-3 mediated PAR1 sorting to MVBs is

critical for ALIX binding to PAR1 (71).

Although many components that regulate PAR1 trafficking have already been
defined, it is not known if palmitoylation is a post-translational modification that occurs
on PAR1, and if this modification regulates some of PAR1 trafficking events. PAR1 is
post-translationally modified with glycosylation, phosphorylation, and ubiquitination
(Fig. 1.4). Glycosylation of the second extracellular loop was demonstrated to be
important for G-protein signaling and early internalization (72). Phosphorylation is not
only critical activated receptor desensitization and internalization (59), but it is also
important for activated PAR1 ubiquitination to occur (68). Receptor ubiquitination is
important for retention of unactivated PAR1 at the cell surface, but not for activated
internalization or degradation (66). Ubiqutination specifies engagement with the
adaptor protein epsin-1, which contributes to efficient receptor internalization following
activation (68) (Fig 1.3). It is not known if PAR1 palmitoylation has an effect on any of
these post-translational modifications, and thus is one of the main topics of this

dissertation.

1.1.6 Mechanism of protein palmitoylation

S-Palmitoylation involves covalent attachment of a 16-carbon fatty acid chain to a
cysteine residue through a labile thioester linkage. N-palmitoylation can also occur
when a 16-carbon fatty acid chain is attached to a glycine or cysteine residue through
an amide linkage. Palmitoylation serves to increase the hydrophobicity of its target
proteins and facilitates membrane association. This modification is a dynamic

process, and the palmitoyl group is added enzymatically through palmitoyl acyl
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transferases (PATs) and removed by palmitoyl protein thioesterases (PPTs). Other
lipid modifications such as myristoylation, and prenylation are irreversible, thus
making palmitoylation unique in its potential to transiently modulate protein signaling.
Despite this structured enzymatic process, a clear consensus sequence for the

palmitoylation modification is currently unavailable.

The first PATs were identified in yeast (73,74) and were found to be
transmembrane proteins that have a conserved aspartate-histidine-histidine-cysteine
(DHHC) motif (75) (Fig. 1.5). This family of enzymes appears to regulate the majority
of protein palmitoylation, as knockout of 6 out of 7 yeast PATs eliminated protein
palmitoylation (74). Recently, 23 DHHC proteins have been identified in the human
genome and shown to localize to distinct intracellular compartments including the
Golgi, the Endoplasmic Reticulum (ER), the plasma membrane, and endosomes
(74,76-78). Some studies have already confirmed that some of these DHHC proteins
have a physiological role in protein palmitoylation (79,80). The family of DHHC
containing PATs is further diversified through alternative splicing of PAT mRNA (81).
It has been suggested that alternative splicing can affect the presence of post-
translational modifications, leading to changes is subcellular localization, substrate
recognition, and protein interactions (81). It has been demonstrated that mutagenesis
of the DHHC motif in the PATs is sufficient to prevent auto-palmitoylation and
palmitoylation of substrates (73). Although some studies have also shown the
capacity of some proteins to bypass enzymatic addition of palmitate in vitro, this
autoacylation could be influenced through a myristoylation modification or association

with other proteins (82).
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An enzymatic group of palmitoyl-protein thioesterases (PPTs) catalyze the
removal of palmitate from proteins and are also modified with palmitoylation (83).
Only a few PPTs have been identified thus far. Acyl-protein thioesterase-1 (APT1)
has been shown to depalmitoylate Ga; and Ras in vitro (84). APT1 was also shown to
act on Gays (85). Furthermore, Palmostatin-B, an inhibitor that targets APT1, has
shown to be effective in disrupting the Ras pamitoylation cycle (9). APT2is a
homologue of APT1 that is expressed in mammals. Interestingly, APT1 has been
shown to catalyze its own deplamitoylation as well as APT2, ultimately affecting
membrane localization (83). Palmitoylation removal usually occurs as an essential
step in the degradation process (86). The thioesterase protein-palmitoylthioesterase-
1 (PPT1) is localized to the lysosome and functions in fatty acid hydrolysis during
protein degradation (87). This enzyme was shown to be defective in the disorder
infantile neuronal ceroid lipofuscinosis (88). The PPT1 homologue PPT2 was
identified to also have lysosomal localization, but to act on substrates that are distinct
from PPT1 (89). Although only four PPTs have been identified, it is likely that many
more exist given the diversity of the palmitoylproteome. It is possible that cross- and
auto-regulation by thioesterases is one mechanism by which these enzymes increase
their diversity of substrates. However, depalmitoylation activity has been shown to be
widely distributed within the cell (77), further suggesting that there are other PPTs

that have yet to be identified.

1.1.7 Functional implications of protein palmitoylation

For some proteins, such as the Ras proto-oncogenes H-Ras and N-Ras,

cycles of palmitoylation and depalmitoylation are important for stable association with
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the plasma membrane and the Golgi (90). In a similar manner, it has been
demonstrated that palmitoylation cycles of Ga; and Fyn mediate association with the
Golgi and the plasma membrane (8,77). In these cases, the proteins already contain
irreversible lipid modifications, and the addition of palmitoylation serves to aid in the
hydrophobicity and association of the protein with the membrane. Some neuronal
proteins such as GAP43 and PSD 95 solely utilize multiple palmitoylated cysteines for
their membrane association, and also undergo cycles of palmitoylation and

depalmitoylation (91).

As for transmembrane proteins, palmitoylation could serve a purpose other
than plasma membrane association. Palmitoylation could regulate the conformation
of a protein, and thus promote protein-protein interactions, or alternatively shield
binding domains from being recognized. Palmitoylation could affect the accessibility
of the endocytic machinery and adaptor proteins to a particular transmembrane
protein. For the transferrin receptor (TfR), it was demonstrated that palmitoylation
was important for plasma membrane retention, and a palmitoylation-deficient mutant
was rapidly internalized (92). In a similar manner, a palmitoylation deficient anthrax
toxin receptor also underwent enhanced endocytosis, a phenotype that was a result
of increased ubiquitination by the ubiquitin ligase Cbl (93). Palmitoylation has been
shown to be involved in the recycling of some proteins, such as the mucin-like
transmembrane protein (MUC1) (94). Additionally, palmitoylation has been shown to
play a protective role by preventing some proteins such as the mannose-6-phosphate

receptor (MPR) and TEM8 from premature lysosomal degradation (93,95). As for
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MPR, it has been determined that palmitoylation is important for association with the

retromer complex for proper trafficking from the endosome to the TGN (96).

It has been proposed that the addition of palmitate will increase the affinity of
some transmembrane proteins to associate with cholesterol-enriched raft like
domains. Indeed it has been shown that palmitoylation is critical for some proteins,
such as the linker of activated T cells (LAT) and the integrin a6p4 (97,98), to
associate with lipid rafts. However, not all raft-associated proteins require
palmitoylation for their association. It has been demonstrated that caveolin-1 does
not require palmitoylation to associate with caveolin microdomains (99). In some
cases, palmitoylation is a negative regulator of association with lipid rafts. The
transferrin receptor is not localized to lipid rafts despite being basally palmitoylated
(92). In a similar manner, the anthrax toxin receptor TEM8 is also not associated with

lipid rafts basally, but a palmitoylation-deficient mutant is (93).

1.1.8 Palmitoylation and GPCRs

A number of GPCRs have been reported to be palmitoylated and this
modification has been implicated in proper processing from immature to mature
receptor in the biosynthetic pathway, as well as influencing G-protein coupling and
internalization (100). The first example of GPCR palmitoylation was demonstrated
with the rhodopsin receptor (101). The cysteine residues located 14 residues
downstream of the 7™ transmembrane domain were identified as the palmitoylation
sites (102). Furthermore, the rhodopsin crystal structure demonstrated that the
palmitoylation sites stabilized a 4™ intracellular loop that is a-helical in structure (103).

Many of the lipidation patterns occur on the carboxyl terminus of GPCRs, especially
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cytoplasmic juxtamembrane cysteine residues (104). A sequence alignment analysis
of select GPCR C-tails indicates that many of these receptors possess cysteine
residues approximately 15 residues from the 7™ transmembrane domain (Fig 1.6).
Although many GPCRs are palmitoylated, the function of palmitoylation varies

depending on the GPCR being examined.

Palmitoylation has been shown to modulate signaling for some GPCRs.
Palmitoylation-deficient rhodopsin displays a less stable C-terminus, a slower
activation of the G-protein transducin in vitro (105), and more rapid phosphorylation
and desensitization following light stimulation in vivo (106). Palmitoylation-deficient ..
adrenergic receptor resulted in reduced stimulation of adenylyl cyclase (107),
suggesting reduced coupling to Gos. Reduced coupling to Go,; and Gog were
observed with a palmitoylation-deficient Endothelin B receptor (108). In a similar
manner, GPCR palmitoylation was important for Ga; coupling for the 5-
hydroxytryptamine-1A (5-HT;,) receptor (109). Although, the chemokine CCR5
receptor retained coupling to Ga;, the duration of the response was reduced with the
palmitoylation-deficient mutant. However, this is not the case for the aza-adrenergic
receptor, as a palmitoylation mutant had no effect on G-protein coupling, or the ability
to bind agonists and antagonists (110), even though it was demonstrated that
palmitoylation was dynamically regulated for this receptor (111). Other examples of
palmitoylation-deficient GPCRs exhibiting similar G-protein coupling to their wildtype
counterparts include the vasopressin receptor V4 (112), the dopamine D4 (113), the
Bradykinin B, (114), and luteinizing hormone LH receptors (115). For some of these
GPCRs, the palmitoylation was required for trafficking, rather than signaling, of the

receptors.
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Palmitoylation has been shown to be important for G-protein coupling
specificity for some GPCRs. For the Endothelin receptor A (ET,), palmitoylation is
important for coupling to Gog, since palmitoylation-defective mutants display impaired
agonist induced phospholipase C-f activation, but are unaffected in agonist induced
adenylyl cyclase stimulation (116). Likewise, constitutive Ga, activity of the 5-HT7,
receptor was increased in the absence of the proximal palmitoylation site, whereas
constitutive Gauy, activity was unaffected (117). In a similar manner, palmitoylation of
the V; receptor is important for signaling to the MAPK pathway, but not for the
adenylate cyclase signaling, suggesting that palmitoylation is important for interaction
with p-arrestin, but not Gas (118). Interestingly, a palmitoylation deficient Endothelin B
(ETs) receptor displayed reduced signaling to Go,; and Go,. However, Gaq signaling
was retained in an ETg mutant containing a truncation after the palmitoylation site,
suggesting that the conformation of the C-tail induced by the palmitoylation site is

important for Gao,; coupling (108).

There are some examples where palmitoylation was important for GPCR
trafficking. A palmitoylation defective CCRS5 receptor, although capable of coupling to
Gai, has decreased cell surface expression that appears to be due to a decreased
half-life and increased sorting to the lysosome (119). In a similar manner, the
adenosine A, receptor was more susceptible to degradation in the absence of
palmitoylation, despite having comparable signaling and internalization compared to
wildtype A receptors (120). The human luteinizing hormone (LH) receptor also
exhibited rapid internalization and decreased recycling in the absence of

palmitoylation (115,121), due to increased phosphorylation and p-arrestin recruitment



17

(115). In a similar manner, a palmitoylation-deficient 5-HT,, receptor mutant showed
enhanced phosphorylation and p-arrestin recruitment that resulted in more efficient
endocytosis (122). Alternatively, the vasopressin V, receptor displayed a lack of -
arrestin recruitment in the absence of palmitoylation, which resulted in reduced

endocytosis as well as decreased MAPK activation (118).

There have been a few examples where palmitoylation can function to
stabilize GPCR association to lipid rafts. Palmitoylation of the 5-hydroxytryptamine-
1A receptor is important for retention in lipid rafts (123). Palmitoylation was also
important for CCR5 targeting to lipid rafts (124). Palmitoylation of the D4 receptor
appears to specify a slower internalization through caveolae rather than clathrin-
coated pits, as a palmitoylation deficient mutant displayed increased clathrin-
mediated endocytosis (83). Although many GPCRs localize to lipid rafts (125), it is
not clear if this localization is dependent upon palmitoylation. The localization of the
u-opiate receptor (MOR) to lipid rafts requires stable interaction with Ga; and
regulates agonist selective signaling (126), but itself does not appear to be
palmitoylated, indicating that palmitoylation is not absolutely required for lipid raft

localization of some GPCRs.

An intriguing function of GPCR palmitoylation is the formation and stability of a
4™ intracellular loop that is a-helical in structure. For the rhodopsin receptor, it was
demonstrated that this 8" helix terminated immediately following palmitoylated
cysteine residues 322 and 323 (103). The crystal structure for the f2-adrenergic
receptor also revealed an 8" helix that was anchored by the palmitoylated cysteine

residue 341 (127). PAR1 modeling studies that are based on the x-ray structure of
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rhodopsin indicate that palmitoylated residues C*’ and C**® serve an important
function in allowing the 8™ helix to interact with the NPXXY motif of the 7"
transmembrane, an important component for receptor G-protein coupling (128).
However, the crystal structure recently published for PAR1 did not resolve an 8" helix
due to weak electron density on residues following cysteine 378 (129). It is uncertain
if the lack of helix 8 is indicative of PAR1 in its native state, or whether it is a factor of

the crystallization conditions utilized in the study.

Although it is speculated that palmitoylation is important for stability of the 8"
helix, it is possible that it is not a requirement for the 8" helix to form. There are
examples in the literature where an 8™ helix is resolved in GPCR crystal structures
that lack palmitoylation sites. For example, the 8" helix was seen in the Aop
adenosine receptor crystal structure, but is stabilized with helix 1 rather than
palmitoylated cysteines, as this receptor lacks a palmitoylation site similar to that
seen with other GPCRs (130). The 8" helix was also ordered in the p1-adrenergic
receptor despite the receptor having a mutation at the site of palmitoylation to aid in
crystallization (131). Furthermore, the crystal structure for the histamine H1 receptor
also revealed an 8" helix, but also lacks a palmitoylation site at the end of the helix
(132). Despite this discrepancy, there have been many cases where point mutations
within the 8™ helix have resulted in signaling defects for GPCRs (133-137). The 8"
helix has opened up a new potential to develop novel allosteric modulators to alter G-
protein signaling. In recent work, Dowal et al. identified an inhibitory molecule termed
J5F that appears to act at the intracytosolic face of the receptor that requires the
PAR1 putative 8" helix to inhibit Gogq signaling stimulated by SFLLRN in platelets

(138). Remarkably, however, the same compound J5F failed to affect SFLLRN-
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mediated signaling to Ga1> when examined in MDCK epithelial cells. This compound

was capable of acting on other GPCRs that were predicted to form an 8" helix.

Although PAR1 has not been shown to be palmitoylated, sequence
alignments indicate that it has two juxtamembrane cysteine residues that are highly
conserved among rhodopsin-like GPCRs and are likely to be targets of palmitoylation.
Interestingly mouse PAR4, the main thrombin receptor on mouse platelets, contains a
cysteine residue that could serve as a palmitoylation site based on its location in the
C-tail (Fig. 1.6). There are no cysteine residues present in human PAR3 or PAR4 C-
tails making it unlikely that these receptors are modified by palmitoylation. PAR2
contains a cysteine residue that has been demonstrated to be modified with
palmitoylation (139). Mutagenesis studies have been done on the putative PAR1
palmitoylation sites, but palmitoylation was not directly assessed. Mutagenesis of the
C*7” and C*® to serine residues did not appear to affect PLC-p activation nor
activation via thrombin cleavage, but did reduce the receptor’s ability to respond to
the synthetic peptide SFLLRN ligand (128). 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 used as an alternative palmitoylation

site as shown previously for the human transferrin receptor (140).

In this dissertation, the function of palmitoylation was established for PAR1
signaling and trafficking. | have demonstrated that PAR1 is modified by
palmitoylation (141) and that this modification is critical for receptor phosphorylation
and ubiquitination. Additionally, palmitoylation is critical for regulating adaptor protein

recognition of tyrosine-based sorting motifs in the PAR1 C-tail (141) and proper
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trafficking of the receptor through the endocytic system. Finally, | demonstrate that
palmitoylation of PAR1 is not required for Gaq-mediated phosphoinositide hydrolysis
or ERK1/2 signaling pathways. However, Gay213 —mediated RhoA activation, Goy
coupling, and thrombin-stimulated p38 MAPK signaling pathways are impaired in the
absence of PAR1 palmitoylation. Furthermore, a palmitoylation-deficient PAR1
mutant fails to display thrombin-induced barrier permeability in endothelial cells.
Taken together, the data presented in this dissertation suggest that palmitoylation
serves to stabilize the C-tail of PAR1 so that it interacts properly with adaptor proteins

and signaling molecules, ultimately affecting PAR1 signaling and trafficking.
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Figure 1.1: Thrombin mediated cellular responses in the vasculature. The
coagulation cascade is initiated when tissue factor (TF) comes into contact with
zymogens circulating in the blood. Thrombin is the main effector protease of the
coagulation cascade, and converts fibrinogen to an insoluble fibrin clot, upon which
platelets aggregate. Thrombin activates various cell types in the vasculature. In
platelets, thrombin causes aggregation, granule release, and presentation of P-
selectin to the cell surface. In endothelial cells, thrombin induces barrier permeability,
cytokine release, and upregulation of P-selectin, which functions in recruitment of
platelets and leukocytes to the site of injury. Thrombin can also activate T-cells,
resulting in cytokine release. Thrombin’s actions on smooth muscle cells and
fibroblasts cause cell proliferation and motility, an important function in wound
healing. In neuronal cells, thrombin can induce release of substance P, causing pain
perception.
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Figure 1.2: PAR1 G-protein signaling pathways. Thrombin interacts with PAR1 at
a hirudin-like domain (blue) and cleaves the N-terminus to reveal a new sequence
(red) that acts as a tethered ligand. The new N-terminus binds to the second
extracellular loop to initiate G-protein signaling. PAR1 activates multiple
heterotrimeric G-protein subtypes including Ga12/13, Gaq, Gai/0, and Gfy, allowing
for diverse cellular responses. Ga12/13 can bind to Rho-guanine nucleotide
exchange factors (GEFs) to activate RhoA, which mediates cytoskeletal responses
that are involved in platelet shape changes as well as cell migration and endothelial
permeability. PAR1 activation of Gai/0 inhibits adenylyl cyclase. Gaq activates
phospholipase C (PLC) mediated phosphoinositide (P1) hydrolysis, calcium
mobilization, and protein kinase C activation. Gaq signaling mediates platelet
aggregation and endothelial cell transcriptional responses through the activation of
calcium-regulated kinases and phosphatases, RasGEFs, and mitogen-activated
protein (MAP) kinase cascades. Gy subunits activate phosphoinositide-3-kinase
which generates PIP3, phosphatidylinositol-(3,4,5)-trisphosphate, and also activate
other lipid-modifying enzymes, protein kinases and channels.
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Figure 1.3: PAR1 trafficking pathways. PAR1 displays two modes of
internalization. Constitutive internalization is mediated by the clathrin adaptor protein-
2 (AP-2) binding to a distal tyrosine-based sorting motif. Constitutive internalization
serves to populate an intracellular pool of naive receptors that are trafficked to the cell
surface following thrombin stimulation for rapid resensitization. Consitutive
internalization is negatively regulated by ubiquitination at the tyrosine-based sorting
motif, which sterically hinders AP-2 binding. Following thrombin cleavage, and G-
protein signaling, PAR1 is rapidly phosphorylated and internalized by AP-2 and
epsin1 adaptor proteins. Epsin1-dependent PAR1 internalization is dependent on
ubiqutination of the receptor. AP-2-dependent internalization is dependent on distal C-
tail phosphorylation sites rather than the tyrosine-based sorting motif utilized in the
constitutive internalization pathway. Following internalization, PAR1 is sorted to early
endosomes. The adaptor protein-3 (AP-3) interacts with the proximal tyrosine-based
sorting motif to sort cleaved receptors to late endosomes for degradation.
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Figure 1.4: Modifications and motifs important for PAR1 signal regulation.
PART1 is post-translationally modified with phosphorylation (red) and ubiquitination
(orange) primarily in the intracellular loops and C-terminal tail. PAR1 is also modified
with glycosylation (green) on the extracellular surfaces of the receptor. The putative
palmitoylation sites for PAR1 are highlighted in pink. PAR1 also contains two linear
sorting sequences in its C-tail that are important for trafficking, and are highlighted in
yellow. Thrombin interacts with PAR1 through a hirudin binding domain, which is
noted with blue residues. PAR1 is cleaved by multiple proteases, and the cleavage
sites are highlighted for thrombin (red), matrix metalloprotease-1 (MMP-1) (dark blue),
activated protein C (APC) (purple), and plasmin (light blue).
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Figure 1.5: A model for the mechanism of protein palmitoylation. Palmitate is
added to cysteine residues by a family of transmembrane enzymes called palmitoyl
acyl transferases (PATs). PATs contain a conserved aspartate (D), histidine (H),
histidine (H), cysteine (C) (DHHC) cysteine-rich domain. The DHHC motif has been
demonstrated to be critical for enzymatic activity and for the formation of a thioester
intermediate. The DHHC motif is highlighted in blue and represented as the blue
shape in the boxed diagram, which demonstrates the mechanism of protein

palmitoylation.

CoA-SH
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GPCR C-terminal tail
PAR1 . .DPLIYYYASSECQRYVYSILCCKESSDPSSYNSSGQLMASKMDTCSSNLNNSIYKKLLT
PAR2 . .DFVYYFVSHDFRDHAKNALLCRSVRTVKQMQVSLTSKKHSRKSSSYSSSSTTVKTSY
PAR3 . .DPFLYFLMSKTRNHSTAYLTK
PAR4 . .DPFIYYYVSAEFRDKVRAGLFQRSPGDTVASKASAGGSRGMGTHSSLLQ
PAR4 (mouse) . .DPFIYYYVSHEFREKVRAMLCRQPEASSSSQASREAGSRGTAICSSTL
Adenosine A, . .NPIVYAFRIQKFRVTFLKIWNDHFRCQPAPPIDEDLPEERPDD
Adensosine A, . .NPFIYAYRIREFRQTFRKITRSHVLRQQEPFKAAGTSARVLAAHGSDGEQVSLRLNGHPPGVWANGSAPHPERRPNGYALGLVS . .
Adenosine A (rat) . .NPIVYACKIKKFKETYFVILRACRLCOTSDSLDSNLEQTTE
a,,-adrenergic: . .NPVIYTIFNHDFRRAFKKILCRGDRKRIV
B,-adrenergic . .NPIIYCRSPDFRKAFQRLLCCARRAARRRHATHGDRPRASGELARPGPPPSPGAASDDDDDDVVGATPPARLLEPWAGCNGGAA. .
B,-adrenergic . .NPLIYCRSPDFRIAFQELLCLRRSSLKAYGNGYSSNGNTGEQSGYHVEQEKENKLLCEDLPGTEDEFVGHQGTVPSDNIDSQGRN. .
Bradykinin B . .NPLVYVIVGKRFRKKSWEVYQGVEQKGGECRSEPIQMENSMGTLRTSISVERQIHKLQDWA
Chemokine CCR: . .NPIIYAFVGEKFRNYLLVFFQKHIAKRFCKCCSIFQOEAPERASSVYTRSTGEQEISVGL
d opioid . .NPVLYAFLDENFKRCFRQLCRKPCGRPDPSSFSRAREATARERVTACTPSDGPGGGAAA
Dopamine D, . .NPIIYAFNADFRKAFSTLLGCYRLCPATNNAIETVSINNNGAAMFSSHHEPRGSISKECNLVYLIPHAVGSSEDLKKEEAAGIA. .
Endothelin A . .NPIALYFVSKKFKNCFQSCLCCCCYQSKSLMTSVPMNGTS IQWKNHDONNHNTDRS SHKDSMN
Endothelin B . .NPIALYLVSKRFKNCFKSCLCCWCQSFEEKQSLEEKQSCLKFKANDHGYDNFRSSNKYSSS
Histamine H, (canine) . .NPILYATLNRDFRTAYQQLFRCRPASHNAQETSLRSNSSQLARNQSREPMROEEKPLKLQVWSGTEVTAPRGATDR
Luteinizing Hormone . .NPFLYAIFTKTFQRDFFLLLSKFGECKRRAELYRRKDFSAYTSNCKNGEFTGSNKPSQSTLKLSTLHCQGTALLDKTRYTEC
Lysophosphatidic acid LPA, . .NAAVYSCRDAEMRRTFRRLLECACLRQSTRESVHYTSSAQGGASTRIMLPENGHPLMDSTL
| opioid (rat) . .NPVLYAFLDENFKREFREFCIPTSSTIEQONSTRVRQNTREHPSTANTVDRTNHQLENLEAETAPLP
Muscarinic M, . .NPACYALCNATFKKTFKHLLMCHYKNIGATR
Muscarinic M, (rat) . .NPVCYALCNKTFRTTFKTLLLCQOCDKRKRRKQQOYQORQSVIFHKRVPEQAL
Neuropeptide Y, (rat) . .NPIFYGFLNKNFQRDLOFFFNFCDFRSRDDDYETIAMSTMHTDVSKTS LKQASPVAFKKISMNDNEK I
Oxytocin (rat) . .NPWIYMLFTGHLFHELVQRFFCCSARYLKGSRPGETSVSKKSNSSTFVLSRRSSSQRSCSQPSSA
Prostacyclin . .NPILDPWVFILFRKAVFQRLKLWVCCLECLGPAHGDSQTPLSQLASGRRDPRAPSAPVGKEGSCVPLSAWGEGQVEPLPPTQQSS . .
Rhodopsin . .NPVIYIMMNKQFRNCMLTTICCGKNPLGDDEASATVSKTETSQVAPA
Sphingosine S1P, . .NPIIYTLTNKEMRRAFIRIMSCCKCPSGDSAGKFKRPIIAGMEFSRSKSDNSSHPOKDEGDNPETIMSSGNVNSSS
Sphingosine S1P, . .NPVIYTWRSRDLRREVLRPLQCWRPGVGVQGRRRGGTPGHHLLPLRSSSSLERGMHMPTSPTFLEGNTVV
Sphingosine S1P, . .NPVIYTLASKEMRRAFFRLVCNCLVRGRGARASPTIQPALDPSRSKSSSSNNSSHSPKVKEDLPHTAPSSCIMDKNAALONGIFCN
Sphingosine S1P, . .NPIIYSFRSREVCRAVLSFLCCGCLRLGMRGPGDCLARAVEAHSGASTTDSSLRPRDSFRGSRSLSFRMREPLSSISSVRSI
Sphingosine S1P, . .NPIIYTLTNRDLRHALLRLVCCGRHSCGRDPSGSQQSASAAEASGGLRRCLPPGLDGSFSGSERSSPORDGLDTSGSTGSPGAPT. .
Somatostatin SSTR5 (rat) - - NPLLYGFLSDNFRQSFRKVLCLRRGYGMEDADAIEPRPDKSGRPQATLPTRSCEANGLMQTSRI
Serotonin 5-HT,, (mouse) . .NPVIYAYFNKDFQNAFKKIIKCKFCR
Serotonin 5-HT,, (mouse) . .NPFLYAFLNKSFRRAFLIILECDDERYKRPPILGQTVPESTTTINGSTHVLRYTVLHSGHHOELEKLPTHNDPES . .
Serotonin 5-HT,, (mouse) . .NPFIYAFFNRDLRTTYRSLLQCQYRNINRKLSAAGMHEALKLAERPERSEFVLQNCDHCGKKGHDT
Thromboxane A2 TPB: . .DPWVYILFRRAVLRRLOPRLSTRPRRSLTLWPSLEYSGTISAHCNLRLPGSSDSRASASRAAGI TGVSHCARPCMLFDPEFDLLA. .
Vasopressin V,, . .NPWIYMFFSGHLLQODCVQSFPCCONMKEKFNKEDTDSMSRRQTFYSNNRSPTNSTGMWKDSPKSSKSTKFIPVST
Vasopressin V, . .NPWIYASFSSSVSSELRSLLCCARGRTPPSLGPQDESCTTASSSLAKDTSS
Legend

confirmed palmitoylation site with mutagenesis
confirmed palmitoylation, but no mutagensis studies to confirm site

c

€

C confirmed to lack palmitoylation

C putative palmitoylation site mutated, no palmitoylation data
C

putative site

Figure 1.6: Sequence alignment of the C-terminal tails of select GPCRs.
Sequence alignment begins from the conserved [D/N]JPXXY motif of the 7™
transmembrane domain. Palmitoylated cysteine residues are highlighted in blue: a
bolded C indicates the palmitoylation site was confirmed with mutagenesis, whereas
a non-bolded C indicates that the GPCR was confirmed to be palmitoylated but no
mutagenesis studies were done to confirm the site. Cysteine residues that are
highlighted in red were confirmed to lack palmitoylation. Cysteine residues
highlighted in orange are putative palmitoylation sites that were mutated, but
palmitoylation was not directly assessed. Cysteine residues highlighted in pink are
putative palmitoylation sites based on sequence alignment.
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Chapter 2: Characterization of PAR1 palmitoylation and other post-translational

modifications

2.1 Abstract

Protease-activated receptor-1 (PAR1) is a G protein-coupled receptor (GPCR)
that is irreversibly activated through proteolytic cleavage. Proteolysis of PAR1
exposes a new N-terminus that behaves as a tethered ligand that binds
intramolecularly to the extracellular loops of the receptor to initiate transmembrane
signaling. Due to the irreversible nature of PAR1 activation, desensitization and
endocytic trafficking tightly regulate receptor signaling. Post-translational
modifications such as ubiquitination and phosphorylation are involved in PAR1
internalization and down-regulation of signaling. In addition, many GPCRs are
palmitoylated, which appears to have diverse functions in the regulation of receptor
signaling and trafficking. PAR1 has two highly conserved C-terminal tail cysteine
residues (C) that serve as sites for palmitoylation. Recent studies suggest that
palmitoylation of transmembrane proteins can modulate ubiquitination, but such a
relationship has not been demonstrated for a GPCR. Here we show that PAR1 is
basally palmitoylated when exogenously expressed in HeLa cells at conserved
cysteine residues C*” and C**®. A palmitoylation-deficient PAR1 mutant, in which
C*¥ and C*® residues are converted to alanines (A), is expressed at the cell surface
and fully glycosylated. However, this mutant is defective in agonist-induced

phosphorylation and ubiquitination. Results from these studies indicate that
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palmitoylation of PAR1 at the C-tail domain is important for facilitating recognition by
both protein kinases and ubiquitin ligases, ultimately regulating the phosphorylation

and ubiquitination status of PAR1.

2.2 Introduction

Palmitoylation occurs through the covalent attachment of palmitate, a 16-
carbon saturated fatty acid, to cysteine residues via a thioester linkage. This
modification is a dynamic, reversible process in which the palmitoyl group is added
enzymatically through palmitoyl acyl transferases (PATs) and removed by palmitoyl-
protein thioesterases (PPTs) (1). Palmitoylation facilitates membrane association for
some soluble proteins by increasing their hydrophobicity (2-5). In addition to
membrane association, palmitoylation can regulate protein function by altering protein
conformation. In the context of a G protein-coupled receptor (GPCR), palmitoylation
within the carboxyl terminal tail (C-tail) is predicted to cause insertion into the lipid
bilayer creating 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 (6). A number of GPCRs have been
reported to be palmitoylated, and many of the lipidation modifications occur on the
carboxyl terminus, especially on the cytoplasmic juxtamembrane cysteine residues
(6,7). Defective GPCR palmitoylation has been shown to impair coupling to G proteins
and to alter membrane trafficking (8). However, the functional consequences of
mutating receptor palmitoylation sites differ between GPCRs, suggesting that

palmitoylation has diverse functions in regulating GPCR signaling and trafficking.
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The protease-activated receptor-1 (PAR1), a GPCR for thrombin, contains a
set of putative palmitoylation sites in the C-tail that could be important for regulating
receptor signaling. A structural model of PAR1 based on the X-ray crystal structure of
rhodopsin indicates that palmitoylation of cysteine (C) residues C**" and C**® could
create an 8™ helix that appears to be important for receptor coupling to Gayg signaling
(9). However, a crystal structure of the human PAR1 bound with vorapaxar, a PAR1
specific antagonist, does not reveal an 8" helix potentially due to a weak electron
density on residues following cysteine 378 (10). It is uncertain if the lack of helix 8 is
indicative of PAR1 in its native state, or whether it is an artifact of the crystallization
conditions utilized in the study. Neither study confirmed that PAR1 is indeed
palmitoylated. We demonstrated that PAR1 is modified with palmitoylation, and

investigated whether palmitoylation functions in modulating receptor function.

Palmitoylation of GPCRs has the potential to modulate function by regulating
other post-translational modifications. For example, GPCR palmitoylation can
regulate receptor phosphorylation. A non-palmitoylated mutant of the p2-adrenergic
receptor displays increased basal phosphorylation and consequently uncoupling from
Goas (11). However, studies examining a non-palmitoylated mutant of the vasopressin
V1, receptor demonstrated decreased phosphorylation both basally and in response
to agonist (12). Our lab has previously demonstrated that phosphorylation of PAR1 is
a critical modification that serves to desensitize the receptor following activation (13)
and is critical for receptor ubiquitination to occur (14). Although it has been
demonstrated that palmitoylation can modulate phosphorylation for some GPCRs, it is

not known if palmitoylation functions in a similar manner for PAR1.
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A relationship between palmitoylation and ubiquitination has been implicated
for some membrane- associated proteins, however it is currently not known if such a
relationship exists for a GPCR. Ubiquitination is a post-translational modification in
which lysine residues are covalently modified with the 76 amino acid protein ubiquitin.
When conjugated onto transmembrane proteins, including GPCRs, ubiquitin can
serve as an endosomal sorting signal by facilitating interaction with ubiquitin binding
domains found within many components of the endocytic sorting machinery (15). The
yeast SNARE protein, mammalian anthrax toxin, and the Wnt signaling protein LRP6
are all palmitoylated, and depalmitoylation promotes protein ubiquitination and
degradation (16-18). These findings raise the possibility that modification of GPCRs
with palmitoylation may regulate receptor ubiquitination and consequently signaling
and trafficking. To our knowledge, no studies have examined the interplay between

GPCR palmitoylation and ubiquitination.

Here, we show that PAR1 is modified with palmitoylation in HeLa and
endothelial cells. We also confirm that the conserved residues C*’ and C** in the
PAR1 C- tail are the primary sites for palmitoylation. We also generated a mutant in
which residues C**” and C*® are converted to alanines, and demonstrate that this
mutation renders PAR1 palmitoylation-deficient. The palmitoylation-deficient PAR1
mutant is expressed at the cell surface in HeLa and endothelial cells, suggesting that
palmitoylation is not required for biogenesis of the receptor. Additionally, we show
that the palmitoylation-deficient mutant is fully glycosylated. However, the
palmitoylation-deficient PAR1 mutant is defective in agonist-induced phosphorylation

and ubiquitination. Taken together, these studies suggest that palmitoylation



48

modulates activated PAR1 phosphorylation and ubiquitination, but is not required for

PAR1 glycosylation or cell surface expression.

2.3 Materials and Methods

Reagents and Antibodies — The PAR1 agonist peptides SFLLRN and
TFLLRNPNDK were synthesized as the carboxyl amide and purified by reverse
phase high-pressure liquid-chromatography at the Tufts University Facility (Boston,
MA). Mouse monoclonal M2 anti-FLAG antibody and mouse monoclonal anti-B-actin
were purchased from Sigma-Aldrich (Saint Louis, MO). Rabbit anti-FLAG polyclonal
antibody was from Rockland Immunochemicals, Inc (Gilbertsville, PA). The anti-PAR1
WEDE mouse antibody was from Beckman Coulter (Fullerton, CA). The anti-PAR1
C5433 rabbit polyclonal antibody was previously described (19). Mouse monoclonal
anti-ubiquitin P4D1 antibody was purchased from Santa Cruz Biotechnology (Dallas,
TX). Horseradish peroxidase (HRP)-conjugated secondary goat anti-mouse and goat
anti-rabbit antibodies were from Bio-Rad Laboratories (Hercules, CA). De-lipidated

fetal bovine serum was obtained from Omega Scientific (Tarzana, CA).

c¢DNAs and Cell Lines — A cDNA plasmid encoding an N-terminal FLAG-
tagged human PAR1 cloned into pBJ vector were previously described (19,20). A
PAR1 mutant in which cysteine (C) residues at positions 387 and 388 were mutated
to alanines (A) was generated by quick-change site-directed mutagenesis (Agilent
Technologies, Santa Clara, CA). The following primers were utilized: 5’-
GTGCCAGAGGTACGTCTACAGTATCTTAGCCGCCAAAGAAAGTTCC-3’ and 5-

GGAACTTTCTTTGGCGGCTAAGATACTGTAGACGTACCTCTGGCAC-3'. All cDNA
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plasmids were subjected to dideoxy sequencing (Retrogen, San Diego, CA). HelLa
cells stably expressing FLAG-tagged PAR1 CC/AA mutant were generated and
maintained as previously described (20). Human umbilical vein endothelial derived
EA.hy926 cells were maintained as described (21). For endothelial stable cell lines, A
cDNA plasmid encoding human wild-type PAR1 with an N-terminally tagged FLAG
epitope was cloned into a pLXSN vector. Site-directed mutagenesis was used to
generate siRNA resistance by mutating the PAR1 siRNA binding site from 5’-
AGATTAGTCTCCATCAATA-3 to 5-AGATTAGTCTCCAAGAATA-3'. The short
hairpin RNAI targeting PAR1 was previously described in Russo et al. Site-directed
mutagenesis was also used to generate the siRNA resistant FLAG PAR1 CC/AA
mutant, in which cysteines 387 and 388 were converted to alanines. Both constructs
were confirmed with dideoxy sequencing. Retroviruses were generated in a GP2-293
packaging cell line and used to infect EA.hy926 cells that were stably transduced with
PAR1 shRNA, previously described in Russo et al. Mass populations of cells
expressing siRNA resistant FLAG PAR1 WT or FLAG PAR1 CC/AA in were selected

in 250ug/ml G418.

Cell Transfections —Hela cells were transiently transfected with FLAG-PAR1
WT and CC/AA mutant using Lipofectamine 2000 (Invitrogen), or polyethylenimine

(Polysciences, Warrington PA) reagents, according to the manufacturer’s instructions.

Immunoblotting — Equivalent amounts of cell lysates were resolved by SDS-
PAGE, transferred to PVDF membranes and immunoblotted with appropriate

antibodies.
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Cell Surface ELISA — Hela cells expressing FLAG-PAR1 WT or CC/AA
mutant were seeded at 1.0 x 10° cells/well in 24-well plates and grown overnight.
Cells were fixed with 4% paraformaldehyde for 5 min at 4°C, incubated with anti-
FLAG polyclonal antibody and then with goat anti-rabbit HRP-conjugated secondary
antibody for 1 h at room temperature and developed as described above. The
internalization of PAR1 was measured as described (22). Briefly, HelLa cells seeded
0.8 x 10° cells/well in 24-well plates transfected with FLAG-PAR1 WT or various
mutants were labeled with M1 anti-FLAG antibody at 4°C, washed and incubated in
DMEM containing 0.1% BSA, 20 mM HEPES, 1 mM Ca** at 37°C. After

internalization, cells were fixed and processed as described above.

PAR1 Sequence Alignment — A sequence alignment was performed by
obtaining PAR1 sequences using Basic Local Alignment Search Tool (BLAST). Thirty
PAR1 sequences were truncated immediately after the [N/D]PXXYL motif of the
seventh transmembrane domain and aligned. The PAR1 species and NCBI
Reference sequences are as follows: H. sapiens AAH02464; M. mulatta: EHH26595;
C. longicaudatus: AAA86747; M. musculus: NP_034299; R. norvegicus: NP_037082;
S. scrofa: NP_001231301; B. Taurus: NP_001096567; B. grunniens mutus:
ELR60449; H. glaber: EHB00368; M. putorius furo: AER98213; D. rerio:
NP_001108318; X. laevus: NP_001079252; P. hamadryas: P56488; G. gorilla gorilla:
XP_004058710; P. abelii: XP_002815710; P. troglodytes: XP_526888; N.
leucogenys: XP_003261537; P. Anubis: XP_003899888; C. lupus familiaris:
XP_546059; C. porcellus: XP_003470285; C. jacchus: XP_002744891; C. griseus:

XP_003498759; S. boliviensis boliviensis: XP_003921004; L. Africana:
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XP_003408011; M. domestica: XP_001362837; O. garnettii: XP_003785973; F.
catus: XP_003981132; O. cuniculus: XP_002723068; O. aries: XP_004010905; E.

caballus: XP_001504007.

PAR1 Palmitoylation Assay — Palmitoylation of PAR1 was examined in
EA.hy926 and Hela cells. Hela cells were seeded at 2.5x10° cells/well in 6-well
plates and transfected with PAR1 WT or CC/AA mutant. EA.hy926 cells were seeded
at 1.5x10°cells per 10 cm? dish. Cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% de-lipidated fetal bovine serum overnight
and then incubated with 500 uCi/ml [*H]palmitic acid (Perkin Elmer, MA) for 3 h in
10% de-lipidated serum/DMEM. Cells were serum starved for 1 h and then left
untreated or treated with agonist for various times at 37°C. Cells were lysed in buffer
containing 1% Triton X-100, 50 mM Tris-HCI pH 7.4, 100 mM NaCl, 5 mM EDTA, 50
mM NaF, and 10 mM NaPP supplemented with protease inhibitors 100 ug/ml PMSF,
1 ug/ml leupeptin, 2 ug/ml aprotinin, 1 ug/ml pepstatin A, 10 ug/ml benzamidine, and
1 ug/ml soybean trypsin inhibitor. Total cell lysates were immunoprecipitated with
either M2 anti-FLAG or anti-PAR1 WEDE antibody overnight at 4°C.
Immunoprecipitates were resolved on 9% SDS-PAGE and gels were fixed with a 25%
isopropanol/ 10% glacial acetic acid solution then incubated for 30 min in NAMP100
(GE Healthcare, NJ) or fixed with a 10% glacial acetic acid/ 30% methanol solution
and then incubated with En®Hance (Perkin Elmer, MA). Gels were then dried and
exposed to Amersham Hyperfilm (GE Healthcare, NJ) with intensifying screens at -
80°C. Aliquots of immunoprecipitates were also resolved by SDS-PAGE, transferred

to membranes and immunoblotted to detect PAR1 expression.
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PART1 Phosphorylation Assay — Hel a cells were plated in 6 well plates and
transfected with 1 ug/well of FLAG-tagged PAR1 WT or CC/AA for 24 hours. Cells
were labeled with 250 uCi/ml of [**P]-orthophosphate (Perkin EImer, Waltham, MA) in
phosphate-free DMEM for 2 hrs at 37°C. Cells were incubated with or without 100 uM
peptide agonist for 3 min and then lysed in buffer containing 1% Triton X-100, 50 mM
Tris-HCI, pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 mM sodium fluoride, 10 mM sodium
pyrophosphate, 200 uM sodium orthovanadate, 1 pg/ml leupeptin, 1 pg/ml aprotinin,
1 pg/ml soybean trypsin inhibitor, 1 pg/ml pepstatin A and 1 pg/ml benzamidine. Cell
lysates were immunoprecipitated with M2 anti-FLAG antibody for 2 hrs.
Immunoprecipitates were resolved by SDS-PAGE and transferred to a PVDF
membrane. The membrane was exposed to autoradiography to detect incorporation
of [**P]-orthophosphate. PAR1 expression and immunoprecipitation was detected by

probing the membrane with a polyclonal anti-FLAG antibody.

PAR1 Ubiquitination Assay — Hela cells stably expressing PAR1 wildtype or
CC/AA mutant were plated in 10 cm dishes and grown for 48 hrs. Prior to simulation,
cells were incubated in media containing 0.1% BSA, 20mM HEPES for 3 hrs. HelLa
cells were stimulated with 100 uM SFLLRN for 3 or 5 minutes, and then lysed in a
buffer containing 50 mM Tris-HCI at pH 8, 5 mM EDTA. 150 mM NacCl, 0.5% (w/v)
sodium deoxycholate, 1% Nonidet P-40 (v/v), and 0.1% SDS (w/v). Lysis buffer was
supplemented with 20 mM N-ethylmaleimide (NEM) and protease inhibitors, 1 ug/ml
leupeptin, 2 ug/ml aprotinin, 1 ug/ml pepstatin A, 10 ug/ml benzamidine, and 1 ug/mi
soybean trypsin inhibitor. Whole cell lysates were immunoprecipitated with Wede or

M2 antibody for 2 hrs. Immunoprecipitates were resolved by SDS-PAGE, transferred
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to PVDF membranes, and immunoblotted with ubiquitin (P4D1) and FLAG antibodies.
PAR1 shRNA EA.hy926 cells stably transduced with siRNA resistant FLAG PAR1
WT, or siRNA resistant CC/AA were plated in 10cm dishes at a density of 49.5x10°
cells per dish. Cells were grown for 3 days, and then starved in 0.2%FBS DMEM
overnight. Prior to stimulation, cells were incubated in media containing 0.1% BSA,
20mM HEPES for 3 hrs. Cells were stimulated with 100uM TFLLRN for 2.5 and 5

minutes and processed as described above.

2.4 Results

2.4.1 PAR1 C-terminal tail palmitoylation sites are highly conserved across

multiple species

PAR1 has not been shown to be palmitoylated, although previous studies
have predicted PAR1 palmitoylation to occur at C-tail cysteine residues near the
seventh transmembrane domain based on molecular modeling comparisons with
rhodopsin (Fig. 2.1A) (9). Furthermore, other GPCRs have been demonstrated to be
palmitoylated at C-tail cysteine residues approximately 15 residues from the seventh
transmembrane domain (23)(Fig. 1.6). Currently, there is no known consensus
sequence for palmitoylation; therefore, we used NCBI basic local alignment search
tool (BLAST) to align C-tail sequences from thirty different PAR1 species (Fig. 2.1B).
We identified two highly conserved cysteine residues at positions 387 and 388 of the
human PART1 protein, both were present in twenty-four different species and could

serve as potential sites for palmitoylation.
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2.4.2 PAR1 is modified with palmitoylation

Although PAR1 has been predicted to be palmitoylated through molecular
modeling studies based on the palmitoylated rhodopsin receptor crystal structure (9) it
has yet to be demonstrated biochemically. To determine whether PAR1 is modified
by palmitoylation, we directly measured [*H]palmitate incorporation onto wildtype
PAR1 and a PAR1 CC/AA mutant, in which C*” and C** are converted to alanines.
Hela cells expressing FLAG-PAR1 WT or CC/AA mutant were labeled with [°H]-
palmitic acid, then incubated in the absence or presence of agonist peptide SFLLRN
for various times at 37°C. Cells were lysed, PAR1 was immunoprecipitated, resolved
by SDS-PAGE and then subjected to fluorography. In untreated control cells,
wildtype PAR1 labeled with [*H]palmitate migrated as a major species between ~50
and 75 kDa (Fig. 2.2A, lane 1), consistent with the fully glycosylated PAR1 (Fig. 2.3B,
lane 1). The amount of [*H]palmitate incorporated into PAR1 WT was unchanged
after 3 or 10 min of agonist stimulation compared to untreated control cells (Fig. 2.2A,
lanes 1-3). In contrast to wildtype receptor, the PAR1 CC/AA mutant failed to
incorporate [°*H]palmitate under control or agonist stimulated conditions (Fig. 2.2A,
lanes 4-5). These observations suggest that PAR1 is basally palmitoylated at C-tail
C%7 and C** residues. However, the metabolic labeling conditions employed in
these assays cannot distinguish if PAR1 is dynamically palmitoylated and de-

palmitoylated at steady state.

In order to confirm that endogenous PAR1 is palmitoylated, this assay was
repeated in EA.hy926 endothelial cells. Following labeling with [*H]-palmitic acid,

endogenous PAR1 was immunopreciptated with an anti-PAR1 antibody. Endogenous
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PAR1 expressed in human endothelial cells also exhibited basal palmitoylation that
was not substantially altered following incubation with agonist (Fig. 2.2B, lanes 1-2).
Immunoprecipitation with an IgG control antibody did not show any [*H]palmitate
signal nor PAR1 signal, indicating that the palmitoylation is specific to anti-PAR1
immunoprecipitates. Quantification confirms that the palmitoylation signal,
normalized to the amount of PAR1 immunoprecipitated, is unchanged in the presence
of agonist (Fig 2.2B). These studies demonstrate that endogenously expressed
PAR1 is modified by palmitoylation, and confirm the PAR1 palmitoylation studies

done in Hela cells.

2.4.3 Palmitoylation-deficient PAR1 glycosylation and surface expression

HelLa cells stably expressing FLAG-tagged PAR1 WT and CC/AA mutant were
generated to facilitate the characterization of receptor palmitoylation. Both FLAG-
PAR1 WT and CC/AA mutant were expressed at the cell surface as assessed by
ELISA (Fig. 2.3A). In addition, immunoprecipitated FLAG-PAR1 WT and CC/AA
mutant migrated as prominent species between ~64 and 98 kDa (Fig. 2.3B, lanes 1-
2) and were not detected in IgG immunoprecipitates (Fig. 2.3B, lanes 5-6). In order to
assess if palmitoylation was required for glycosylation, we treated immunoprecipitated
PAR1 WT and CC/AA receptors with the endoglycosidase PNGase F, which cleaves
N-linked glycosylation from proteins. Incubation of PAR1 WT and CC/AA mutant with
PNGase F resulted in a size shift to ~36 kDa (Fig. 2.3B, lanes 3-4), consistent with
the predicted molecular weight of human PAR1. These findings suggest that the
PAR1 CC/AA mutant is glycosylated and trafficked to the cell surface similar to

wildtype receptor.
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2.4.4 Palmitoylation is required for agonist-induced PAR1 phosphorylation and
ubiquitination

Palmitoylation has been shown to be important for phosphorylation for some
GPCRs (11,12). In order to determine if palmitoylation was required for activated
PAR1 phosphorylation, HeLa cells expressing PAR1 WT or CC/AA mutant were
labeled with [**P] orthophosphate then stimulated with a peptide agonist that mimics
the newly cleaved N-terminus of PAR1. Phosphorylation was assessed by detecting
incorporation of [**P] orthophosphate in immunoprecipitated receptors. PAR1 WT
and CC/AA did not display any phosphorylation signal in unstimulated control
conditions (Fig 2.4, lanes 1 and 3). Following a 3 minute agonist stimulation, PAR1
WT was phosphorylated, as indicated by a [*°P] signal that is consistent with the
mature form of PAR1 (Fig 2.4, lane 2). The PAR1 CC/AA mutant displayed mild
phosphorylation in response to agonist, but failed to reach the magnitude of
phosphorylation that was exhibited by the wild type receptor (Fig 2.4, lane 4). These
studies suggest that palmitoylation of PAR1 is required for agonist-induced

phosphorylation.

Although it has been demonstrated that palmitoylation can modulate
ubiquitination in some transmembrane proteins (16,17), it is yet to be determined if
palmitoylation serves a similar function for GPCRs. We have recently shown that
phosphorylation is required for agonist-induced ubiquitination to occur (14).
Considering that palmitoylation is important for receptor phosphorylation (Fig 2.4), we
were interested in determining if receptor ubiqutination was also affected. Stimulation

of HelLa cells expressing PAR1 WT with a peptide agonist resulted in robust receptor
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ubiquitination (Fig 2.5A, lanes 4-6). Interestingly, CC/AA expressing Hela cells failed
to exhibit receptor ubiquitination (Fig 2.5A, lanes 7-9). In fact, the PAR1 CC/AA
ubiquitination levels were comparable to untransfected HelLa cells (Fig 2.5A, lanes 1-
3). These studies suggest that palmitoylation is critical for receptor ubiquitination to
occur, a process that was previously shown to be dependent upon receptor
phosphorylation (14). Interestingly, palmitoylation is also required for receptor

phosphorylation, potentially explaining the ubiquitination defect that we observed.

2.4.5 Palmitoylation-deficient PAR1 in endothelial cells

We have already demonstrated that endogenous PAR1 is modified by
palmitoylation in endothelial cells (Fig. 2.2B). Thus, we were interested in
characterizing a palmitoylation-deficient mutant in an endothelial cell system. In order
to examine this, we first needed to establish a cell line that expresses the
palmitoylation-deficient PAR1 mutant without any endogenous PAR1 present. We
began by utilizing an EA.hy926 cell line in which endogenous PAR1 was depleted by
a stably transduced PAR1 shRNA. Analysis of the PAR1 shRNA cell line with
immunoprecipitation indicates that PAR1 is efficiently knocked down compared to
untransformed EA.hy926 cells, which express substantially more PAR1 (Fig 2.6A,
lane 2). Furthermore, PAR1 was not detected in IgG immunoprecipitates (Fig 2.6A,
lanes 3-4). These studies confirmed that the PAR1 shRNA endothelial cell line would
serve as a great candidate to generate PAR1 wildtype or CC/AA mutant stable cell

lines.

We generated knockdown-rescue endothelial stable cell lines using PAR1

shRNA EA.hy926 cells, which are depleted of endogenous PAR1 expression. We
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first approached this by generating FLAG PAR1 wildtype (WT) and palmitoylation-
deficient (CC/AA) mutants that harbored mutations at the PAR1 shRNA targeting site,
thus rendering them siRNA resistant. The PAR1 shRNA endothelial cells were then
transduced with these siRNA resistant PAR1 WT or CC/AA mutants, and selected for
stable expression. We confirmed expression of siRNA resistant receptors with
immunoprecipitation, and determined that WT and CC/AA receptors migrated as a
major species between ~50 and 75kDa (Fig 2.6B) consistent with endogenously
expressed PAR1 (Fig 2.6A). A cell surface ELISA against the FLAG epitope indicates
that receptors are expressed at the cell surface (Fig 2.6C). Furthermore,
immunofluorescence staining with a FLAG antibody indicates that receptors are

expressed on the cell surface as well as within internal punctate structures (Fig 2.6D).

We first utilized these knockdown-rescue stable cell lines to confirm the
ubiquitination studies done in the PAR1 overexpression HelLa cell system (Fig 2.5A).
In @a manner similar to what was observed in HelLa cells, PAR1 WT exhibited robust
agonist induced ubiquitination in endothelial cells (Fig 2.5B, lanes 1-3). However, the
PAR1 CC/AA mutant failed to display agonist-induced ubiquitination (Fig. 2.5B, lanes
4-6). These studies support the role of PAR1 palmitoylation modulating receptor
ubiquitination in a physiologically relevant cell type. Generation of these stable cell
lines will be useful in examining signaling pathways in a physiologically relevant cell

type, as well as confirming other studies done with overexpression systems.
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2.5 Conclusions

Given the importance of PAR1 post-translational modifications in the fidelity of
thrombin signaling, we sought to determine whether PAR1 is modified by
palmitoylation and the function of such a posttranslational modification. In the present
chapter, we demonstrate for the first time that PAR1 is palmitoylated on highly
conserved C-tail cysteine residues. A palmitoylation-deficient PAR1 mutant is
trafficked to the cell surface and fully glycosylated, indicating that palmitoylation is not
required for biogenesis of a functional receptor. Additionally, PAR1 palmitoylation is
important for proper receptor phosphorylation following a stimulus with a peptide
agonist. In the absence of palmitoylation, PAR1 is also defective in agonist-induced
ubiquitination. Taken together, these data suggest that palmitoylation of PAR1 is a

crucial component for activated receptor post-translational modifications.

In addition to PAR1, several other GPCRs have been shown to undergo
palmitoylation at conserved juxtamembrane C-tail cysteines, including the related
PAR2 (24,25). However, not all GPCRs are palmitoylated (26) and some GPCRs
contain proximal as well as distal palmitoylation sites, suggesting that multiple
intracellular loops may be formed within the C-tail domain of particular GPCRs (27,28)
(Fig 1.6). Palmitoylation is a dynamic and reversible posttranslational modification
that can be modulated. Agonist stimulation induces an increase in palmitoylation of
the p2-adrenergic receptor (11) and other GPCRs (8), indicating that receptor
palmitoylation is a regulated process. However, the thromboxane A2 receptor TP
isoform (26) and the 5-HT;4 serotonin receptor (29) appear to be palmitoylated

constitutively and not affected by agonist stimulation. Although we failed to observe
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any change in [°H]palmitate incorporation following agonist activation of PAR1
expressed in HelLa cells or endogenous PAR1 expressed natively in endothelial cells,
we cannot exclude the possibility that PAR1 is modified dynamically by palmitoylation
and de-palmitoylation at steady state, since it would not be evident under the

metabolic labeling conditions employed in our studies.

Palmitoylation has been shown to be important for the phosphorylation of
some GPCRs (30-32). A palmitoylation-deficient 5-HT,, receptor mutant has
increased basal and agonist-induced phosphorylation, resulting in enhanced
desensitization and p-arrestin mediated endocytosis (30). In a similar manner, a
palmitoylation-deficient $2-adrenergic receptor mutant exhibited enhanced basal
phosphorylation, a consequence of exposing a PKA phosphorylation site that is
adjacent to the palmitoylation site (11). Another example of enhanced basal
phosphorylation in the absence of palmitoylation was observed with the adenosine A3
receptor (33). However, palmitoylation-deficiency also resulted in reduced
phosphorylation for the CCR5 chemokine and V1, vasopressin receptors, similar to
the effect we observed with PAR1 (12,32 ). These studies suggest that palmitoylation
of the C-tail could be important for proper GRK association. However there is also
evidence that palmitoylation is not necessarily required for phosphorylation, as a
palmitoylation-deficient V, receptor mutant is phosphorylated similarly to WT (34).
Palmitoylation of GPCRs has the potential regulate receptor phosphorylation state
through a diverse array of mechanisms that either induce or reduce GPCR
phosphorylation. However, the effect of receptor phosphorylation in the absence of

palmitoylation depends upon the specific receptor being studied.
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We have demonstrated that PAR1 palmitoylation is critical for receptor
ubiquitination in both HeLa and endothelial cell systems (Fig 2.5). There are a few
examples in the literature of a relationship between palmitoylation and ubiquitination
for transmembrane proteins (16-18,35). However, the role of palmitoylation in the
context of regulating receptor ubiquitination has not been extensively examined for a
GPCR. ltis possible that palmitoylation could regulate the accessibility of the C-tail to
ubiquitin ligases, thus allowing for proper receptor ubiquitination. Recently, our lab
has demonstrated a novel role for agonist-induced ubiquitination in p38 MAPK
signaling (36). Thus, the role of PAR1 palmitoylation in regulating this signaling

pathway has been examined and will be discussed in Chapter 4.

Taken together, these studies suggest that the conformation of the C-talil
generated by palmitoylation is critical for recognition by GRKs and ubiquitin ligases
for proper agonist-induced post-translational modifications. Modifications such as
ubiquitination and phosphorylation occur on the intracellular loops and C-tail of the
receptor (Fig 1.4), and thus could be more sensitive to changes in C-tail
conformations due to the absence of palmitoylation. These concepts could be
applied towards new ideas regarding the potential for PAR1 palmitoylation to regulate
accessibility of adaptor proteins to the C-tail. The absence of palmitoylation could
alter the conformation of the C-tail so that it exposes amino acid residues that are
normally hidden when palmitoylation is present. In the case for PAR1, amino acid
residues important for PAR1 trafficking are localized near the palmitoylation sites (Fig
1.4). Thus, the function of palmitoylation in regulating PAR1 trafficking is examined

and further discussed in Chapter 2.
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ESSD---PSSYNSSGQLMASKM- -DTCSSNLNNSIYKKLLT
ESSD---PSSSNSSGQLMASKM- -DTCSSNLNNSIYKKLLT
EGSD- - -PSSYNSSGQLMASKM- -DTCSSNLNNSIYKKLLT
ENVD- - -PNSYNSSGQLMASKM- -DTISANMNNSIYKKLLT
ESYN- - -PSSFNSSGQLVASKI - -DTCSSNLNNSIYKKLLT
ESSD- - -PNSYNSTGQLMPSKM- -DTCSSHLNNSIYKKLL

ESYD---PSSCNSSGQLVASKI - -DTCSSNLNNSIYKKLLT
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ESSS---ASSYNSSGQLMASKM--DTCSSNLNNSIYKKLLT
ESSD---PSSYNSSGQLMASKV - -DTCSSNLSNSIYKKLLT
ESAD- - -GASYNSSGQLVPSKG--DTCSSHLAHSVYKKLLT
ESSD- - -PSSCNSSGQLMPSKM- -DTCSSNLSSSLYKKLLT
ESPD- - -PSSSNSSGQLMASKM- -DTCSSNLSNSIYKKLL

Figure 2.1: PAR1 C-tail species sequence alignment. A) Snake diagram of the
human PAR1 C-terminal tail (C-tail) starting from the DPXXY motif. The cysteine
site(s) of palmitoylation are highlighted in gray. A list of entries of PAR1 were

obtained from the NCBI data base. B) Thirty PAR1 sequences from different species

were identified. The sequences were truncated immediately after the [N/D]JPXXYL
motif of the seventh transmembrane domain and aligned using BLAST.
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Figure 2.2: PAR1 is posttranslationally modified by palmitoylation. A) HelLa
cells expressing FLAG-PAR1 wildtype (WT) or CC/AA mutant were labeled with
[*H]palmitic acid and left untreated or treated with 100 uM SFLLRN for various times
at 37°C. Cells were lysed, processed and PAR1 was immunoprecipitated (IP) with
M2 anti-FLAG antibody. IPs were resolved by SDS-PAGE and processed for
fluorography to detect [*H]palmitate or immunoblotted with polyclonal anti-FLAG
antibody to detect receptor. Three independent experiments were quantified and the
amount [*H]palmitate incorporation, normalized to receptor in IPs was determined.
The data shown (mean + S.D.; n=3) is expressed as a fold of wildtype PAR1 0 min
control. B) Human cultured endothelial EA.hy926 cells labeled with [*H]palmitic acid
were stimulated with 100 uM SFLLRN for 3 min at 37°C. Cells were lysed and
immunoprecipitated with anti-PAR1 WEDE antibody and processed as described
above. The asterisk indicates a non-specific band. The incorporation of [*H]palmitate
was quantified, normalized to receptor in IPs and is expressed as the fold increase
over untreated 0 min control.
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Figure 2.3: Palmitoylation is not required for cell surface expression or
receptor glycosylation. A) Surface expression of FLAG-PAR1 wildtype (WT) or
CC/AA mutant in HeLa cells compared to untransfected (UT) cells was quantified by
ELISA. Data (mean = S.D.) is representative of three independent experiments. B)
Hela cells expressing FLAG-PAR1 WT or CC/AA mutant were immunoprecipitated
(IP) with M2 anti-FLAG antibody or IgG control. Immunoprecipitates were treated with
or without PNGase F for 1 h at 37°C, resolved by SDS-PAGE and immunoblotted (IB)
with rabbit polyclonal anti-FLAG antibody to detect PAR1. “Glyco-PAR1” indicates
the fully glycosylated PAR1 and “deGlyco-PAR1” indicates the deglycosylated
receptor following PNGase F treatment. The asterisk indicates a non-specific band
detected by the anti-FLAG antibody. Cell lysates were immunoblotted for actin as a

loading control.
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Figure 2.4: Palmitoylation is important for agonist-induced phosphorylation of
PAR1. HelLa cells expressing PAR1 WT or CC/AA mutant were serum starved and
labeled with [32P] orthophosphate. Cells were incubated in warm media with or
without SFLLRN and then lysed. Total PAR1 was immunoprecipitated and resolved
by SDS-PAGE, and processed for autoradiography to detect [32P] incorporation or
immunoblotted with polyclonal anti-FLAG antibody to detect receptor
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Figure 2.5: Palmitoylation is required for agonist-induced receptor
ubiquitination. A) HelLa cells expressing FLAG PAR1 WT or CC/AA mutant were
treated with 100uM SFLLRN for 3 or 5 minutes, then lysed and IPed with anti-WEDE
antibody. Immunoprecipitates were resolved by SDS PAGE, transferred to PVDF
membrane and immunoblotted with anti-FLAG polyclonal and P4D1 anti-ubiquitin
antibodies. B) PAR1 shRNA EA.hy926 stable cell lines expressing siRNA resistant
PAR1 WT or CC/AA mutant were treated with 100uM TFLLRN for 2.5 and 5 min,
lysed and IPed with M2 anti-FLAG antibody. lysates were resolved by SDS PAGE,
transferred to PVDF membranes, and immunoblotted as described in (A).
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Figure 2.6: Characterization of palmitoylation-deficient PAR1 in endothelial
cells. A) EA.hy926 cells were stably transduced with a PAR1 shRNA and
immunoprecipitated (IP) with anti-PAR1 WEDE or IgG control. Immunoprecipitates
were resolved by SDS PAGE, transferred to PVDF membrane and immunoblotted for
total PAR1. Whole cell lysates were immunoblotted with anti-actin. B) PAR1 shRNA
stable cell lines were transduced with siRNA resistant FLAG PAR1 wildtype (WT) or
CC/AA mutant and selected for stable expression. Cells were lysed and IPed with M2
anti-FLAG antibody. IPs were resolved by SDS PAGE, transferred to PVDF
membrane and immunoblotted with anti-FLAG polyclonal antibody. Total cell lysates
were immunoblotted with anti-actin antibody. C) Cell surface expression of siRNA
resistant PAR1 WT and CC/AA mutant stable cell lines, as quantified through cell
surface ELISA with anti-FLAG antibody (mean = SD). D) siRNA resistant FLAG
PAR1 WT and CC/AA mutant EA.hy926 stable cells were fixed and treated with or
without MeOH for permeabilization. Cells were stained with anti-FLAG antibody and
imaged by confocal microscopy. Images shown are representative of two individual
experiments (scale bar, 10um).
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Chapter 3: PART1 trafficking is regulated by palmitoylation

3.1 Abstract

Protease-activated receptor-1 (PAR1) is a G protein-coupled receptor (GPCR)
for thrombin. Thrombin binds to and cleaves the N-terminus of PAR1, generating a
new N-terminus that functions as a tethered ligand that cannot diffuse away. In
addition to rapid desensitization, PAR1 trafficking is critical for the regulation of
cellular responses. PAR1 displays constitutive and agonist-induced internalization.
Constitutive internalization of unactivated PAR1 is mediated by the clathrin adaptor
protein complex-2 (AP-2), which binds to a distal tyrosine-based motif localized within
the C-tail domain. Once internalized, PAR1 is sorted from endosomes to lysosomes
via AP-3 interaction with a second C-tail tyrosine motif proximal to the
transmembrane domain. However, the regulatory processes that control adaptor
protein recognition of PAR1 C-tail tyrosine-based motifs are not known. Here, we
report that palmitoylation of PART1 is critical for regulating proper utilization of tyrosine-
based motifs and endocytic sorting. We show that a palmitoylation-deficient PAR1
mutant exhibits a marked increase in constitutive internalization and lysosomal
degradation compared to wildtype receptor. Intriguingly, enhanced constitutive
internalization of PAR1 is mediated by AP-2 and requires the proximal tyrosine-based
motif, rather than the distal tyrosine motif used by wildtype receptor. Moreover,
palmitoylation-deficient PAR1 displays increased degradation that is mediated by AP-

3. These findings suggest that palmitoylation of PAR1 regulates proper utilization of
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tyrosine-based motifs by adaptor proteins and endocytic trafficking, processes that

are critical for maintaining appropriate expression of PAR1 at the cell surface.

3.2 Introduction

In the event of vascular injury and in thrombotic disease, the coagulant
protease thrombin is generated and elicits cellular responses through the activation of
protease-activated receptor-1 (PAR1). Thrombin cleaves the PAR1 N-terminus and
unmasks a cryptic ligand. This newly generated N-terminus functions as a tethered
ligand that binds intramolecularly to the receptor to initiate signaling. Due to
irreversible nature of PAR1 activation, signaling is tightly regulated. Activated PAR1 is
rapidly phosphorylated on serine and threonine residues localized within the C-tail by
G protein-coupled receptor kinases (GRKSs), which promotes desensitization, a
process that uncouples the receptor from G protein signaling. Activated PAR1
desensitization is also mediated by p-arrestin-1 but not p-arrestin-2 (1), which is
recruited to the receptor independent of phosphorylation (2). Phosphorylation is not

only important for desensitization, but is also crucial for receptor internalization (2).

PAR1 internalization is also important for regulating signaling responses.
PAR1 displays constitutive and agonist-induced internalization that occur independent
of B-arrestins (1). After activation, PAR1 is internalized, sorted predominantly to
lysosomes and degraded, a process critical for termination of G protein signaling (3).
This sorting is important in preventing activated PAR1 from returning to the surface
and continuing to signal, an aberrant process that is found in invasive breast
carcinoma (4). Unactivated PAR1 is constitutively internalized and recycled. This

generates a pool of uncleaved PAR1 that can replenish the cell surface independent
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of de-novo synthesis and is important for resensitization following thrombin exposure
(5). The dysregulation of PAR1 trafficking contributes to the gain-of-function signaling
observed in highly invasive breast carcinoma cells (6). Therefore understanding the

mechanisms that regulate PAR1 trafficking are important.

Constitutive internalization of PAR1 is mediated by the clathrin adaptor protein
complex-2 (AP-2) (7), a heterotetrameric complex comprised of a, 2, u2 and o
adaptin subunits. AP-2 regulates internalization of transmembrane proteins via u2-
adaptin subunit interaction with tyrosine-based YXXJ motifs, where Y is tyrosine, X
denotes any amino acid and @ is a bulky hydrophobic residue (8,9). Tyrosine-based
motifs can function as signals for endocytosis or lysosomal sorting depending on their
location within the cytoplasmic domain relative to the plasma membrane (8,10). PAR1
contains two tyrosine-based motifs within the C-tail domain that appear to have
distinct functions. We previously showed that the u2-adaptin subunit of AP-2 binds
directly to the PAR1 C-tail distal tyrosine-based motif (YKKL) to facilitate constitutive
internalization and cellular resensitization (5,7). We also showed that AP-3 regulated
lysosomal degradation of activated PAR1 through interaction with a C-tail proximal
tyrosine motif (YSIL) at the sorting endosome to facilitate degradation (11), a process
that occurs independent of ubiquitination. Whether additional regulatory events

control PAR1 sorting from endosomes to lysosomes is not known.

In addition to receptor internalization, compartmentalization of PAR1 into
caveolae is critical for regulation of PAR1 signaling. PAR1 has the capacity to elicit
opposing responses by two different proteases within the same cell. In endothelial

cells, thrombin activation of PAR1 results in inflammatory responses. In contrast,
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activation of PAR1 by activated protein C (APC) mediates anti-inflammatory
responses and maintains endothelial barrier integrity (12,13). Caveolae are abundant
in endothelial cells, which are cholesterol- and sphingolipid- rich membrane
microdomains that form 60-80 nm invaginations through caveolin-1, a structural
scaffolding protein (14). Our lab has shown that localization of PAR1 to caveolae is
required for APC, but not thrombin activation of PAR1 signaling and endothelial
barrier protection (12,15,16). When APC is bound to its co-receptor endothelial
protein C receptor (EPCR), it directly activates PAR1 and elicits anti-inflammatory and
endothelial barrier-protective responses, opposite of what is observed with thrombin-
activation of PAR1 (17,18). It has been shown that palmitoylation is important for
localization of some GPCRs to caveolae and lipid rafts (19,20). We sought to
determine whether palmitoylation is important for targeting PAR1 to specific plasma

membrane microdomains, and thereby facilitates protease-selective signaling.

Here, we demonstrate that palmitoylation is not critical for PAR1 localization to
caveolae microdomains. However, we show that palmitoylation is important in
regulating proper receptor expression at the cell surface. The palmitoylation-deficient
PAR1 mutant exhibits an enhanced rate of constitutive internalization and lysosomal
degradation compared to wildtype receptor. We further show that dysregulated
trafficking of the palmitoylation-deficient PAR1 mutant is due to inappropriate
utilization of the C-tail tyrosine-based motifs by the AP-2 and AP-3 sorting complexes.
These studies indicate that palmitoylation of PART1 is critical for regulating proper
trafficking through the endocytic system, and defects in palmitoylation result in

inappropriate PART1 internalization from the cell surface and subsequent degradation.
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3.3 Materials and Methods

Reagents and Antibodies — PAR1 peptide agonist SFLLRN was synthesized
as the carboxyl amide and purified by reverse-phase high-pressure liquid
chromatography at Tufts University Core Facility (Boston, MA). Rabbit polyclonal anti-
FLAG antibody, mouse monoclonal M1 anti-FLAG antibody and mouse monoclonal
anti-B-actin were purchased from Sigma-Aldrich (Saint Louis, MO). Anti-early
endosomal antigen-1 (EEA1) antibody, anti-u2 adaptin AP-50 and anti-d-subunit AP-3
antibody were obtained from BD Biosciences (San Jose, CA). Lysosomal-associated
membrane protein 1 (LAMP1) antibody was obtained from the Developmental Studies
Hybridoma Bank (University of lowa, lowa City, |A). Horseradish peroxidase (HRP)-
conjugated secondary goat anti-mouse and goat anti-rabbit antibodies were from Bio-
Rad Laboratories (Hercules, CA). Alexa Fluor® 488- and 594-conjugated goat anti-

mouse and anti-rabbit antibodies were obtained from Invitrogen (Carlsbad, CA).

c¢DNAs and Cell Lines — A cDNA plasmid encoding an N-terminal FLAG-
tagged human PAR1 and tyrosine-based motif mutants cloned into pBJ vector were
previously described (7,21). A PAR1 mutant in which cysteine (C) residues at
positions 387 and 388 were mutated to alanines (A) was generated by quick-change
site-directed mutagenesis (Agilent Technologies, Santa Clara, CA). A PAR1 wildtype
(WT) fused to yellow fluorescent protein (YFP) cloned into pRK6 vector was
generously provided by Dr. Jean-Philippe Pin (Montpellier University). The PAR1
CC/AA-YFP mutant was generated by quick-change site-directed mutagenesis. A
plasmid encoding u2-adaptin with a C-terminal Renilla reniformis luciferase (Rluc)

cloned into pcDNA3 was generated using standard subcloning techniques. All cDNA
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plasmids were subjected to dideoxy sequencing (Retrogen, San Diego, CA). HelLa
cells stably expressing FLAG-tagged PAR1 CC/AA mutant were generated and

maintained as previously described (21).

Cell Transfections —Hela cells were transiently transfected with FLAG-PAR1
WT and mutants using polyethylenimine (Polysciences, Warrington PA) or JetPrime
(Polyplus-transfection Inc., New York NY) reagents, according to the manufacturer’s
instructions. COS7 cells were transiently transfected with PAR1 WT-YFP or PAR1
CC/AA-YFP and p2-Rluc using FUGENE 6 (Promega, Madison WI). HelLa cells were
transiently transfected with non-specific, u2-adaptin or 6-adaptin siRNAs using
Oligofectamine (Invitrogen) or JetPrime according to the manufacturer’s instructions.
The non-specific sSiRNA 5'-CTACGTCCAGGAGCGCACC-3’, and u2 siRNA 5’-
GTGGATGCCTTTCGGGTCA-3’ were synthesized by Thermo Scientific Dharmacon
Inc. (Lafayette, CO). The d-adaptin SMARTpool siRNAs were purchased from

Dharmacon Inc.

Immunofluorescence Confocal Microscopy —HelLa cells expressing FLAG-
PAR1 WT or mutants were prelabeled with anti-FLAG polyclonal antibody for 1 h at
4°C and incubated in media at 37°C for various times. Cells were fixed,
permeabilized, and immunostained with anti-EEA1 or anti-LAMP1 antibodies followed
by species-specific secondary antibodies conjugated to Alexa Fluor® 488 or 594 and
imaged by confocal microscopy as described (22). Images were acquired using an
Olympus DSU spinning disk confocal microscope configured with a PlanApo 60X oil
objective and Hamamatsu ORCA-ER digital camera. Fluorescent images of X-Y

sections at 0.28 mm were collected using Intelligent Imaging Innovations Slidebook
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4.2 Software (Denver, CO). The final composite images were created using Adobe
lllustrator CS5 (San Jose, CA). Pearson’s correlation coefficients (r) were determined
using SlideBook 4.2 software and derived from an algorithm that provides a
quantifiable analysis of degree of overlap based on pixel intensity of red and green
fluorescence signals. A value of 1 indicates that fluorescent signals are perfectly

correlated, whereas a value of 0 indicates that the signals are uncorrelated (23).

Antibody Uptake ELISA — The internalization of PAR1 was assessed by
examining the uptake of antibody-bound to PAR1 using a sandwich ELISA as
previously described (24,25). Briefly, HeLa cells stably expressing FLAG-PAR1 WT
or CC/AA mutant were seeded at 1.0 x 10° cells/well in 24-well plates and grown
overnight. Cells were serum-starved, labeled with M1 anti-FLAG antibody for 1 h at
4°C, washed and then incubated in media with or without agonist for varying times at
37°C. Remaining surface-bound antibody was stripped with 1 mM EDTA-PBS at 4°C.
Cells were lysed and processed using a sandwich ELISA and the HRP substrate 1
Step 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS) (Thermo Fisher,
Rockford, IL) as described (24,25). After 20 min, the optical density (O.D.) of an
aliquot was measured at 405 nm using a Molecular Devices SpectraMax Plus

spectrophotometer (Sunnyvale, CA).

PAR1 Degradation Assays — Hela cells seeded in 24-well plates were
transiently transfected with FLAG-PAR1 WT or CC/AA mutant. Cells were serum-
starved and then incubated with 10 uM cycloheximide (CHX) for various times, lysed
in 2X SDS sample buffer containing 125 mM Tris-HCI at pH 6.8, 20% v/v glycerol,

10% w/v SDS, 0.02% w/v bromophenol blue. Cell lysates were resolved by SDS-
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PAGE, transferred to membranes and immunoblotted with polyclonal anti-FLAG

antibody.

BRET Assays — COS7 cells were seeded at 2.5 x 10° cells/well in 6-well
plates. Cells were transfected with 100 ug of u2-adaptin Rluc and varying amounts of
PAR1 WT-YFP or CC/AA-YFP mutant. Serum-starved cells were washed,
dissociated using a non-enzymatic solution Cellstripper™ (Mediatech Inc., VA),
resuspended in PBS containing 0.5 mM MgCl, and 0.1% glucose and counted. Cells
(~4 x 10*in 80 ul) were transferred to 96-well plates in triplicate for each condition.
The fluorescence intensity of YFP was examined by excitation at 485 nm and
emission at 535 nm using a Berthold Tristar LB 941 microplate reader (Berthold
Technologies, GmbH & Co. Germany). The coelenterazine H (Biotium Inc., CA)
substrate was added to cells at a final concentration of 5 uM. After an 8 min delay,
Rluc and YFP signals were determined using 480 nm and 530 nm filters, respectively.
The BRET ratio was calculated as (emission at 530 nm)/(emission at 480 nm) and net
BRET signal determined by subtracting the background BRET, which is the BRET
ratio from cells expressing Rluc construct only. Total luminescence was measured by
integrating the signal for 1 sec/well without filter selection. Data were fitted with non-

linear regression using GraphPad Prism 4.0 software (GraphPad Inc., La Jolla, CA).

PART1 Biotinylation Assays —Hel.a cells were seeded in 6-well plates and
transfected with FLAG PAR1 WT or CC/AA mutant. Serum-starved cells were
labeled with 0.3 mg/ml EZ-link Sulfo-NHS-SS-biotin (Thermo Fisher, Rockford, IL) in
PBS, pH 8.0 for 30 min on ice. Unbound biotin was quenched with 50 mM Tris HCI,

pH 7.5, 275 mM NaCl, 6 mM KCI, and 2 mM CaCl, and cells were either left on ice or
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warmed to 37°C. To remove the biotin label from the cell surface, cells were
incubated with 50 mM glutathione, 75 mM NaCl, 75 mM NaOH, 1% BSA in PBS, pH
8.7 for 10 min on ice, with gentle agitation, three times. Cells were washed three
more times with PBS, pH 7.4 before further incubation at 37°C. Cells were lysed in
buffer containing 50 mM Tris HCI, pH 7.4, 250 mM NaCl, 5 mM EDTA and 0.5%
Triton X-100 supplemented with protease inhibitors as described above. Equivalent
amounts of lysates were incubated with streptavidin-conjugated agarose beads
(Thermo Fisher, Rockford, IL) overnight at 4°C and then washed three times with lysis
buffer, eluted with 2X SDS sample buffer containing 0.2 M DTT resolved by SDS-

PAGE and immunoblotted to detect PAR1.

Sucrose Fractionations — purification of caveolin enriched membrane fractions
was performed as previously described (13). Briefly, EA.hy926 cells stably
transduced with siRNA resistant FLAG PAR1 WT, and siRNA resistant CC/AA were
plated in 10cm dishes at a density of 49.5x10° cells per dish. Cells were grown for 3
days and then lysed in cold 150mM sodium carbonate buffer (pH 11), supplemented
with protease inhibitors: 100 ug/ml PMSF, 1 ug/ml leupeptin, 2 ug/ml aprotinin, 1
ug/ml pepstatin A, 10 ug/ml benzamidine, and 1 ug/ml soybean trypsin inhibitor. Cell
lysates were subjected to 10 strokes in a Dounce homogenizer and then passed
through an 18-gauge syringe 10 times. Lysates were then sonicated on ice six times
in 10 sec bursts at 20% (Branson, Ultrasonics). Lysates were diluted 1:1 with 80%
(wt/vol) sucrose in MES-buffered saline (MBS) and placed at the bottom of an
ultracentrifuge tube. Lysates were overlaid with 6 ml of 35% (wt/vol) sucrose/MBS,
followed by 4ml of 5% (wt/vol) sucrose/MBS. Lysates were centrifuged at 36,000

RPM at 4°C for 20 hrs using a Beckman L7-65 ultracentrifuge and a S41 rotor
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(Beckman Coulter). 1ml gradient fractions were collected sequentially. Aliquots of
fractions were resolved by SDS-PAGE, transferred to PVDF membranes, and

immunoblotted with anti-cav1, anti-EEA, and anti-FLAG antibodies.

Data Analysis — The data were analyzed using GraphPad Prism 4.0 software.
Statistical analysis was determined by performing one-way ANOVA and Dunnett's

post-hoc test, or two-way ANOVA and Bonferroni post-hoc test.

3.4 Results

3.4.1 Palmitoylation is not required for PAR1 caveolae localization

Palmitoylation has been shown to be important for localization of some
GPCRs to caveolae microdomains (19,20,26,27). PAR1 localization to caveolae is
particularly important because PAR1 cleavage by activated protein C (APC) requires
localization of endothelial protein C receptor (EPCR) to caveolin-1 enriched
microdomains (15,16,18). APC-activation of PAR1 elicits endothelial barrier stability
through B-arrestin mediated dishevelled-2 activation, and prevents thrombin-induced
RhoA mediated barrier disruption (13). Given the physiological relevance of PAR1
localization to the caveolae, we examined if palmitoylation was important for
compartmentalization of the receptor. We assessed receptor localization in EA.hy926
endothelial cells, which are enriched in caveolae microdomains. We utilized PAR1
shRNA endothelial cells that were rescued with siRNA FLAG PAR1 wildtype or
CC/AA mutant and isolated caveolae fractions using sucrose density centrifugation.
PAR1 WT localized to caveolae enriched fractions, as was previously reported for

endogenous receptor (13) (Fig 3.1A). In a similar manner, the palmitoylation-deficient
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PAR1 mutant also localized to caveolae fractions (Fig 3.1B). Taken together, these

data suggest that palmitoylation is not required for PAR1 caveolae localization.

3.4.2 Palmitoylation-deficient PAR1 exhibits enhanced constitutive

internalization

The trafficking behavior of palmitoylation-deficient PAR1 was examined to
further characterize the function of palmitoylation. To assess constitutive
internalization, FLAG-PAR1 WT and CC/AA mutant expressed in HelLa cells were
labeled with M1 anti-FLAG antibody for 1 h at 4°C to ensure only receptors at the cell
surface bound antibody. Unbound antibody was removed by washing and constitutive
internalization of PAR1 was determined following incubation for various times at 37°C
by ELISA as we previously described (25). After a 30 min incubation, ~10% of PAR1
WT was detected in an intracellular compartment (Fig. 3.2A), which is consistent with
the extent of wildtype receptor constitutive internalization previously reported in these
cells (25). In contrast, PAR1 CC/AA mutant exhibited enhanced constitutive
internalization with ~30% receptor accumulation measured at 30 min (Fig. 3.2A).
However, agonist-induced PAR1 WT and CC/AA mutant internalization was
comparable (Fig. 3.2B). Immunofluorescence confocal microscopy confirmed
enhanced constitutive internalization of the palmitoylation-deficient PAR1 mutant.
Hela cells expressing PAR1 WT or CC/AA mutant were labeled with antibody at 4°C
and fixed (0 min) or incubated at 37°C for 10 min and then fixed, permeabilized and
co-stained for EEA1, a marker of early endosomes (Fig. 3.3). Both PAR1 WT and
CC/AA mutant localized to the cell surface at 0 min (Fig. 3.3). However, after a 10

min incubation at 37°C, a greater number of EEA1-positive puncta containing PAR1
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CC/AA mutant were evident compared to wildtype receptor (Fig. 3.3), consistent with
enhanced constitutive internalization. The difference in PAR1 CC/AA mutant
colocalization with EEA1 compared to wildtype receptor was verified by determining
Pearson’s correlation coefficients (Fig. 3.3). These results suggest that palmitoylation

is important for regulatory processes that control PAR1 constitutive internalization.

3.4.3 PAR1 CC/AA constitutive internalization is AP-2 dependent

To examine the function of AP-2 in constitutive internalization of the
palmitoylation-deficient PAR1 mutant, we first examined whether AP-2 interacted with
the receptor in living cells using BRET. BRET was assessed in COS7 cells
transfected with a constant amount of the u2-adaptin fused to Rluc together with
varying amounts of PAR1 WT or CC/AA mutant tagged with YFP at the C-terminus.

A hyperbolic increase in BRET was detected as the ratio of PAR1 WT-YFP or CC/AA-
YFP to u2-adaptin Rluc was increased, suggesting that receptor-u2-adaptin protein
interaction is specific (Fig. 3.4A). In order to evaluate the relative affinity of PAR1 WT
versus CC/AA mutant to AP-2, the BRET5, values were determined and were not
significantly different (Fig. 3.4A). However, the maximum BRET signal observed with
PAR1 CC/AA-YFP and u2-adaptin Rluc was greater than that exhibited by PAR1 WT-
YFP and u2-adaptin Rluc. These data suggest that PAR1 CC/AA mutant binds to

AP-2 with a similar affinity as wildtype PAR1, but the orientation is likely different.

To further investigate AP-2 function, we examined whether constitutive
internalization of palmitoylation-deficient PAR1 is AP-2 dependent like that shown for

the wildtype receptor (7). HelLa cells expressing similar amounts of FLAG-PAR1 WT
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or CC/AA mutant on the cell surface were transiently transfected with non-specific
siRNAs or siRNAs targeting the u2-adaptin subunit, which disrupt AP-2 function. Cells
transfected with u2-adaptin subunit siRNA exhibited a marked decrease in u2-adaptin
expression compared to non-specific control transfected cells (Fig. 3.4B). As
expected, PAR1 WT constitutive internalization was inhibited in cells lacking AP-2
expression compared to non-specific SiRNA transfected control cells assessed after a
15 min incubation at 37°C (Fig. 3.4C), consistent with previous reports (7). PAR1
CC/AA mutant exhibited enhanced constitutive internalization compared to wildtype
receptor in control siRNA transfected cells, which was virtually ablated in AP-2
deficient cells (Fig. 3.4C). Immunofluorescence confocal microscopy confirmed that
AP-2 mediates constitutive internalization of PAR1 WT or CC/AA mutant. HelLa cells
expressing FLAG-PAR1 WT and CC/AA mutant transfected with siRNAs, were
prelabeled with anti-FLAG antibody, incubated at 37°C for 15 min, fixed and
processed for microscopy. In non-specific siRNA transfected cells, PAR1 WT and
CC/AA mutant localized to endocytic vesicles (Fig. 3.4D), whereas the receptors
failed to internalize in cells deficient in AP-2 expression (Fig. 3.4D). These findings
suggest that AP-2 regulates constitutive internalization of palmitoylation-deficient

PARI1.

3.4.4 Palmitoylation is important for proper utilization of tyrosine based sorting

motifs

The PAR1 C-tail domain contains two tyrosine-based YXXJ sorting motifs that
conform to canonical AP-2 binding sites (Fig. 3.5) (8). We previously showed that the

u2-adaptin subunit of AP-2 binds directly to the distal tyrosine YKKL motif to mediate
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PAR1 constitutive internalization (7). To further define the function of AP-2 in
enhanced PAR1 constitutive internalization, we generated receptor CC/AA variants
harboring mutations in the proximal and distal tyrosine-based motifs (Fig. 3.5). HelLa
cells expressing FLAG-PAR1 wildtype and mutants labeled with anti-FLAG antibody
were incubated at 37°C for 30 min and constitutive internalization was examined by
confocal microscopy and cell surface ELISA. The PAR1 CC/AA mutant exhibited a
marked increase in internalization compared to wildtype receptor as assessed by
examining receptor-positive vesicles that colocalized with EEA1 using confocal
microscopy (Fig. 3.6A). Enhanced PAR1 CC/AA mutant constitutive internalization
was confirmed by quantifying the amount of receptor remaining at the cell surface by
ELISA (Fig. 3.7A). As expected, the PAR1 AKKAA mutant failed to internalize (Fig.
3.6B, 3.7B), consistent with a critical role for the distal tyrosine motif in mediating AP-
2 binding and constitutive internalization of wildtype receptor (7). Remarkably,
however, mutation of the distal tyrosine motif of the palmitoylation-deficient PAR1
CC/AA mutant failed to inhibit constitutive internalization (Fig. 3.6B and 3.7B). These
findings suggest that in the absence of palmitoylation, the PAR1 distal tyrosine motif
is no longer required for constitutive internalization, although PAR1 CC/AA+AKKAA

constitutive internalization remains AP-2 dependent (Fig 3.8A).

We next examined the function of the PAR1 proximal tyrosine YSIL motif.
Consistent with previous findings (7), PAR1 ASIA mutant exhibited a modest level of
constitutive internalization that was comparable to wildtype receptor (Fig. 3.6C and
3.7C). In striking contrast, however, the palmitoylation-deficient PAR1 CC/AA mutant

in which the proximal tyrosine motif was mutated to ASIA displayed impaired
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internalization (Fig. 3.6C and 3.7C), suggesting that the proximal motif is now critical
for constitutive internalization in the absence of palmitoylation. A small amount of
PAR1 CC/AA+ASIA constitutive internalization was detected by immunofluorescence
microscopy (Fig. 3.6C), but was completely abolished in AP-2 deficient cells (Fig.
3.8B). In addition, constitutive internalization of PAR1 CC/AA + ASIA mutant
containing a defective distal motif AKKAA was virtually ablated (Fig. 3.6D and 3.7D).
Together these findings indicate that palmitoylation of PAR1 is important for proper
utilization of C-tail tyrosine-based sorting motifs and regulation of receptor constitutive

internalization.

3.4.5 Palmitoylation deficient PAR1 is basally degraded more rapidly than

wildtype PAR1

We recently showed that sorting of internalized PAR1 from early endosomes
to lysosomes is mediated by AP-3 interaction with the receptor C-tail proximal
tyrosine YSIL motif (11). Given the importance of PAR1 palmitoylation in regulating
tyrosine-based motif accessibility, we examined its function in PAR1 lysosomal
degradation. We first compared the basal rate of FLAG-PAR1 WT and CC/AA mutant
degradation in Hela cells by quantifying the amount of receptor remaining at various
times after incubation with cycloheximide, a protein synthesis inhibitor. In contrast to
wildtype receptor, the palmitoylation-deficient PAR1 mutant exhibited an enhanced
rate of degradation with ~75% of receptor degraded at 180 min (Fig. 3.9 B and D),
compared to ~25% degradation of wildtype receptor (Fig. 3.9A and D). To assess the
contribution of the proximal tyrosine-based motif, we examined the degradation rate

of the PAR1 CC/AA + ASIA mutant. Remarkably, mutation of the PAR1 proximal



tyrosine motif resulted in a marked decrease in basal turnover of the receptor that

was comparable to wildtype PAR1 (Fig. 3.9 C and D). We next examined PAR1 WT
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and mutant colocalization with lysosomal-associated membrane protein 1 (LAMP1) to

confirm that receptors are trafficked to lysosomes. PAR1 WT, CC/AA and
CC/AA+ASIA were incubated with anti-FLAG antibody for 1 h at 4°C to prelabel the
surface receptor cohort. Cells were then incubated for 30 min at 37°C in media
without agonist and colocalization with LAMP1 was determined by confocal
microscopy. PAR1 WT, CC/AA and CC/AA +ASIA mutant exhibited colocalization
with LAMP1 (Fig. 3.10A-C). However, the extent of PAR1 CC/AA mutant
colocalization with LAMP1 was greater compared to PAR1 WT and PAR1 CC/AA +
ASIA mutant as determined by Pearson’s correlation coefficients (Fig. 3.9D). These
findings suggest that palmitoylation regulates sorting of PAR1 from endosomes to

lysosomes.

We next determined whether the enhanced rate of palmitoylation-deficient
PAR1 mutant degradation resulted from increased internalization or sorting of
internalized receptors from endosomes to lysosomes by directly examining

degradation rates of internalized receptors. In these experiments, the surface cohort

of PAR1 WT or CC/AA mutant were labeled with biotin at 4°C, and either left on ice or

warmed to 37°C for 30 min to promote constitutive internalization. After PAR1

internalization, biotin remaining bound to the cell surface was removed and cells were

incubated for various times at 37°C. Cells were then lysed and the amount of
internalized biotinylated PAR1 remaining was determined and represented as the

“intracellular cohort”. Both the surface cohort of PAR1 WT and CC/AA mutant
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exhibited substantial biotinylation, indicated as 100% (Fig. 3.11A, lanes 1 and 7) and
subsequently biotin was efficiently removed from the surface cohort with glutathione,
shown as 0% (Fig. 3.11A, lanes 2 and 8). In PAR1 WT and CC/AA expressing cells
labeled with biotin, incubation for 30 min at 37°C resulted in accumulation of
intracellular receptor and is shown as the 0 min time point (Fig. 3.11A, lanes 3 and 9).
In contrast to the intracellular pool of wildtype PAR1, the palmitoylation-deficient
PAR1 CC/AA mutant displayed significant degradation after further incubation at 37°C
for 30, 60 and 90 min (Fig. 3.11A and B, lanes 4-6 and 10-12). These data provide
further evidence that palmitoylation of PAR1 is important for proper regulation of

receptor lysosomal sorting.

To assess the function of AP-3 in PAR1 degradation, we used siRNA targeted
against the d-subunit of the AP-3 complex or nonspecific sSiRNA control and examined
the rate of receptor degradation by immunoblotting. The loss of 6-adaptin expression
results in degradation of other AP-3 components and disruption of AP-3 function (28).
In non-specific siRNA transfected cells, PAR1 wildtype displayed a modest level of
basal turnover (Fig. 3.12A and C, lanes 1-3) and was not significantly affected in cells
deficient in d-adaptin expression (Fig. 3.12A and C, lanes 4-6). In contrast,
palmitoylation-deficient PAR1 mutant displayed an enhanced rate of turnover that
was virtually abolished in cells lacking 5-adaptin expression (Fig. 3.12B and D).
Taken together, these findings suggest that in the absence of palmitoylation, PAR1
exhibits enhanced lysosomal sorting that requires AP-3 function and an intact

proximal tyrosine motif.
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3.5 Conclusions

Palmitoylation serves distinct functions for different receptor types; however,
the role of palmitoylation in regulation of PAR1 signaling or trafficking has not been
previously investigated. We found that palmitoylation of PAR1 is critical for regulating
appropriate adaptor protein interaction with C-tail tyrosine motifs and sorting through
the endocytic pathway. We demonstrated that a palmitoylation-defective PAR1
mutant displayed enhanced constitutive internalization and an increased rate of
lysosomal degradation. Moreover, AP-2 mediated enhanced internalization and
interacted with the palmitoylation-deficient PAR1 mutant, but through a different
tyrosine motif compared to wildtype receptor (7). The intracellular cohort of
palmitoylation-deficient PAR1 also exhibited enhanced degradation, a process that
required an intact tyrosine motif and AP-3. (8). In recent work, we discovered that AP-
3 regulated lysosomal degradation of activated PAR1 through interaction with a C-tail
proximal tyrosine motif YSIL at the sorting endosome to facilitate degradation (11). In
the present study, we have now determined that AP-3-mediated lysosomal sorting of
PAR1 is regulated by palmitoylation. These findings suggest that palmitoylation of
PART1 is critical for proper adaptor protein recognition of tyrosine-based motifs and
endocytic sorting. Thus, palmitoylation of PAR1 is critical for retaining appropriate
receptor expression at the cell surface, which is essential for important biological
processes such as hemostasis and thrombosis (29) and embryonic development

(30,31).

Palmitoylation has been suggested to play a role regulating accessibility of

sorting motifs in GPCRs and other transmembrane proteins. Similarly to PAR1, the
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thromboxane A2 receptor TP isoform harbors a C-tail YX30@ motif that functions in
constitutive internalization (32). Interestingly, TPf is constitutively palmitoylated at
multiple C-tail cysteine residues, yet the YX30 motif resides near the most proximal
palmitoylated cysteine (33). Perturbation of TP palmitoylation by mutation of the
distal cysteine residues resulted in loss of constitutive internalization (33), suggesting
that palmitoylation is important for the function of tyrosine motifs and constitutive
internalization. This suggests that the secondary structure created by receptor
palmitoylation is important for proper engagement of AP-2 with sorting motifs. In
addition to PAR1 and TP receptor, ~30 other mammalian GPCRs harbor canonical
tyrosine-based motifs within their C-tail domain (34) and in some cases, nearby
cysteine residues are known to be palmitoylated (35-41). Additionally, the yeast
casein kinase Yck3p resides at the limiting membrane of the vacuole, an organelle
equivalent to the mammalian lysosome, and requires both palmitoylation at its C-
terminus and AP-3 binding to a canonical tyrosine YXX@ motif for proper sorting to

the vacuole (42).

It is possible that plasma membrane insertion of palmitoylated tails on
cysteine residues in the PAR1 C-tail could spatially regulate the proximity of YXXQ
motifs to the plasma membrane, and thus regulate PAR1 trafficking. Interestingly, the
palmitoylation sites of PAR1 are adjacent to one of the two YXX@ maotifs in the C-tail.
It has been suggested that purely endocytic YXX@ motifs are situated 10-40 residues
away from a transmembrane domain, whereas lysosomal targeting YXX@ motifs are
situated 6-9 residues away from a transmembrane (TM) domain (8). Additionally, the

proximity of a tyrosine-based sorting motif to the plasma membrane has been
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demonstrated to be an important feature for the proper trafficking of LAMP1 to
lysosomes (10). We demonstrated that in the absence of palmitoylation, PAR1
undergoes robust constitutive internalization via the proximal YXX@ motif rather than
the canonical distal YXX@ motif. It is possible that in the absence of palmitoylation,
the proximal YXX@ motif is positioned 10 residues from the 7th TM domain, allowing

for the engagement of AP-2 and enhanced constitutive internalization.

The studies summarized in this chapter demonstrate a novel function of
palmitoylation for PAR1 trafficking. Palmitoylation of PAR1 is not required for sorting
to caveolae, like other GPCRs. However, palmitoylation of the C-tail is important for
proper engagement of adaptor-protein complexes with the receptor. We hypothesize
that depalmitoylation of PAR1 occurs to allow AP-3 binding to the proximal tyrosine-
based sorting motif to facilitate receptor sorting to the lysosome for degradation.
However, we have not been able to detect a change in the palmitoylation status of the
receptor using [*H]palmitic acid labeling, perhaps due to its low sensitivity. Applying
other methods such as acyl-biotin exchange or click chemistry approaches might be
useful in determining if PAR1 is depalmitoylated. In conclusion, GPCR palmitoylation
may have a broad function in regulating adaptor protein interaction with sorting
signals and likely to be important for maintaining appropriate expression of receptors

on the cell surface.
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Figure 3.1: Palmitoylation is not required for PAR1 recruitment to caveolin-rich
microdomains. PAR1 shRNA EA.hy926 cells stably expressing siRNA resistant
PAR1 WT (A) or CC/AA mutant (B) were lysed, and caveolin-1-enriched fractions
were isolated with detergent-free sucrose-gradient centrifugation. Aliquots from each
of the 12 fractions were resolved by SDS-PAGE, transferred to PVDF membranes,
and immunoblotted with anti-FLAG, anti- EEA1, and anti-caveolin-1.
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Figure 3.2: Palmitoylation-deficient PAR1 displays enhanced constitutive
internalization. A) HelLa cells expressing FLAG-PAR1 WT or CC/AA mutant were
prelabeled with M1 anti-FLAG at 4°C, then incubated in media without agonist for
various times at 37°C. Internalized receptor bound antibody was quantified by
sandwich ELISA. Data shown (mean + S.D.; n=3) are expressed as a percentage of
the initial receptor-bound M1 antibody and is the average of three separate
experiments performed in triplicate. Differences in constitutive internalization
between PAR1 WT and CC/AA mutant were significant (***, P <0.001) as determined
by two-way ANOVA and Bonferroni post-tests. B) HelLa cells stably expressing
FLAG-PAR1 WT or CC/AA mutant were incubated with 100 uM SFLLRN peptide
agonist for various times 37°C and internalization quantified as described above.
Data shown (mean + S.D.; n=3) are expressed as a percentage of the initial receptor-

bound M1 antibody and is representative of three individual experiments performed in
triplicate.
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Figure 3.3: Palmitoylation deficient PAR1 is sorted to early endosomes. Hela
cells expressing FLAG-PAR1 WT or CC/AA were prelabeled with polyclonal anti-
FLAG antibody at 4°C, then incubated for 30 min at 37°C. Cells were fixed,
permeabilized, and co-stained for endogenous EEA1 and imaged by confocal
microscopy. Insets are magnifications of the boxed areas. Images are representative
of many cells examined in multiple independent experiments. Co-localization of PAR1
(green) and EEA1 (red) is indicated by the yellow color in the merged images and
was quantified by determining Pearson’s correlation coefficients (r) from seven
different cells. The difference in PAR1 CC/AA versus WT colocalization with EEA1 at
10 min was statistically significant (***, P <0.001) as determined by a Student’s t-test.
Scale bar, 10 mm.
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Figure 3.4: AP-2 mediates enhanced constitutive internalization of
palmitoylation-deficient PAR1. A) COS7 cells were co-transfected with a fixed
amount of u2-adaptin fused to Rluc and varying amounts of PAR1 WT-YFP or
CC/AA-YFP and receptor-u2 interaction was assessed by BRET. The data (mean =
S.D.; n=3) shown are representative of three individual experiments. /nset shows
BRETS5 values for PAR1 WT and CC/AA mutant. B) HelLa cells expressing FLAG-
PAR1 WT or CC/AA mutant were transfected with siRNA targeting the u2-adaptin
subunit of AP-2 or non-specific (ns) siRNA control. Cell lysates were immunoblotted
for u2-adaptin expression, membranes were stripped and reprobed for actin. C) Cells
expressing FLAG-PAR1 WT or CC/AA mutant were serum starved, prelabeled with
M1 anti-FLAG antibody and then incubated for 15 min at 37°C. Internalized receptor
bound antibody was quantified by sandwich ELISA. Data shown (mean + S.D.; n=3)
is expressed as a percentage of the initial receptor-bound M1 antibody and is
representative of three separate experiments performed in triplicate. PAR1 CC/AA
mutant constitutive internalization in ns-siBRNA versus u2-siRNA transfected cells was
significantly different (***, P < 0.001) as determined by two-way ANOVA and
Bonferroni post-tests. D) Hela cells expressing FLAG-PAR1 WT or CC/AA mutant
were prelabeled with polyclonal anti-FLAG antibody and then incubated for 15 min at
37°C. Cells were fixed, permeabilized and immunostained for PAR1 and imaged by
confocal microscopy. Scale bar, 10 um.
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Figure 3.5: Palmitoylation sites are near tyrosine-based sorting motifs in the
PAR1 C-tail. Alignment of PAR1 wildtype (WT) and CC/AA mutant C-tail amino acid
residues. The PAR1 C-tail tyrosine-based YXX@ motifs are shown and superscripted
numbers indicate the position of the critical tyrosine (Y) and leucine (L) residues that
were mutated to alanine (A) to generate “ASIA” and “AKKAA” mutants. The asterisk
indicates the end of the protein sequence.
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Fig 3.6: Palmitoylation of PAR1 is important for proper utilization of C-tail
tyrosine-based sorting motifs. HelLa cells expressing FLAG-PAR1 WT and CC/AA
mutant (A), along with tyrosine-based sorting motif mutants (B-D) were prelabeled
with polyclonal anti-FLAG antibody, washed and incubated for 30 min at 37°C. Cells
were fixed, permeabilized, and co-stained for EEA1, a marker of early endosomes,
and imaged by confocal microscopy. PAR1 (green) and EEA1 (red) colocalization is
revealed by the yellow color in the merged images. Insets are magnifications of the
boxed areas. Images are representative of many cells examined in multiple
independent experiments. Scale bar, 10 um.
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Figure 3.7: Mutagenesis of the proximal tyrosine-based sorting motif prevents
PAR1 CC/AA enhanced constitutive internalization. Hela cells expressing FLAG-
PAR1 WT(A), CC/AA mutant (A) or tyrosine-based sorting motif mutants (B-D) were
prelabeled with M1 anti-FLAG antibody and fixed (white bars) or incubated for 30 min
at 37°C (black bars). Cells were fixed and the amount of remaining receptor-bound
antibody was quantified by ELISA. The data (mean + S.D.; n=3) shown is represented
as the percent of initial M1 antibody bound derived from three separate experiments
performed in triplicate. The differences in constitutive internalization of PAR1 WT and
various mutants compared to the 0 min control were significant (*, P < 0.05) or (***, P
< 0.001) as determined by two-way ANOVA and Bonferroni post-hoc tests.



102

Constitutive Internalization

ns siRNA M2 siRNA
0 min 30 min

0 min 30 min

Figure 3.8: AP-2 mediates constitutive internalization of PAR1 CC/AA+AKKAA
and CC/AA+ASIA mutants. Hela cells were transfected with either FLAG-PAR1
CC/AA+AKKAA mutant (A) or PAR1 CC/AA+ASIA mutant (B) together with non-
specific (ns) siRNA or siRNA targeting the u2-subunit of AP-2. Cells were prelabeled
with polyclonal anti-FLAG antibody at 4°C and then incubated 30 min at 37°C. Cells
were fixed, permeabilized and immunostained for PAR1 and imaged by confocal
microscopy. The images are representative of many cells examined in multiple
independent experiments. Scale bar, 10 um.



PAR1 WT

CHX: '

0 30 60 90 120180 (min)

kDa
1007

Cell lysates &
IB: anti-FLAG
50

_ ..'.'H PART

IB: anti-actin

G ——— — -

B

PAR1 CC/AA

0 30 60 90 120180 (min)

CHX: '
kDa
1007
Cell lysates 7

IB: anti-FLAG
50

h g@ ! PAR1

IB: anti-actin

Cc

PAR1 CC/AA+ASIA

CHX: '
kDa

0 30 60 90 120180 (min)

100

Cell lysates 4
IB: anti-FLAG
50

5 '.i.“' PAR1

IB: anti-actin

O — — - —

D

_ A
N O N
g O O

PAR1 Remaining
(% of 0 min control)
3

o

0

Figure 3.9: The palmitoylation-deficient PAR1 mutant exhibits enhanced
degradation. Hela cells expressing FLAG-PAR1 WT (A), CC/AA (B), or
CC/AA+ASIA (C) mutants were incubated in the presence of 10 uM cycloheximide
(CHX) for various times at 37°C. Cell lysates were immunoblotted with polyclonal
anti-FLAG antibody to detect PAR1 expression, then stripped and reprobed for actin.
D) PAR1 WT and mutant degradation was quantified and is expressed as the
percentage of remaining PAR1 compared to 0 min control (mean + S.D.; n=3). The
difference in the amount remaining of PAR1 WT versus CC/AA was statistically
significant (**, P<0.01; ***, P <0.001) as well as PAR1 CC/AA versus PAR1
CC/AA+ASIA (T1, P<0.05; t11, P<0.001), Both were determined by two-way
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ANOVA and Bonferroni post-hoc tests.
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Figure 3.10: Mutagenesis of the proximal tyrosine-based sorting motif prevents
PAR1 CC/AA sorting to LAMP1 positive endosomes. Hela cells expressing
FLAG-PAR1 WT (A), CC/AA (B), or CC/AA+ASIA (C) mutant were prelabeled with
anti-FLAG antibody on ice for 1 h in the presence of 2 mM leupeptin. Cells were then
incubated for 30 min at 37°C, fixed, permeabilized, and costained for lysosomal-
associated membrane protein 1 (LAMP1), a marker of late endosomes, and imaged
by confocal microscopy. The images are representative of many cells examined from
three independent experiments. Scale bar, 10 um. PAR1 (green) and LAMP1 (red)
colocalization is revealed by the yellow color in the merged images. Insets are
magnifications of the boxed areas. D) Colocalization of PAR1 and LAMP1 was
quantified by determining Pearson’s correlation coefficients from seven different cells.
The difference in PAR1 CC/AA versus WT and CC/AA+ASIA colocalization with
LAMP1 was statistically significant (***, P <0.001) as determined by one-way ANOVA
with a Tukey post-hoc test.
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Figure 3.11: Intracellular palmitoylation-deficient PAR1 exhibits enhanced
degradation. A) HelLa cells transfected with FLAG-PAR1 wildtype (WT) or CC/AA
mutant were labeled with biotin at 4°C. Cells were either left at 4°C and represent the
“Surface” cohort or warmed to 37°C for 30 min and represent the “Intracellular”
cohort. The biotin label was stripped from the Surface cohort as is shown as 0%. After
30 min of incubation, the remaining biotin label was then stripped from the
Intracellular cohort cell surface before further incubation for 30, 60, or 90 min at 37°C.
Cells were lysed, biotinylated proteins isolated with streptavidin-conjugated agarose,
resolved by SDS-PAGE and immunoblotted with polyclonal anti-FLAG antibody to
detect PAR1. An aliquot of total cell lysates were immunoblotted with polyclonal anti-
FLAG antibody to control for PAR1 expression. B) The amount of intracellular PAR1
remaining from three independent experiments was quantified and normalized to
receptor present in total cell lysates. Data (mean = S.D.; n=3) are expressed as a
percentage of receptor remaining from the 0 min intracellular control. The difference
in the amounts of internalized PAR1 CC/AA mutant remaining compared to WT at 30,
60 and 90 min was statistically significant (**, P <0.01 and ***, P<0.001) as
determined by two-way ANOVA with a Bonferroni post-hoc test.
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Figure 3.12: Enhanced degradation of the palmitoylation-deficient PAR1 mutant
is AP-3 dependent. A) and B) HelLa cells were transfected with FLAG-PAR1 wildtype
(WT) or CC/AA and either nonspecific (ns) siRNA, or siRNA targeted against the 6-
subunit of AP-3. Cells were incubated in the presence of 10 uM cycloheximide (CHX)
for 90 or 180 min at 37°C, lysed and equivalent amounts of cell lysates were
immunoblotted with polyclonal anti-FLAG antibody to detect PAR1. Membranes were
stripped and reprobed with anti-d-adaptin and anti-actin antibodies. C) and D) PAR1
WT and CC/AA degradation were quantified from three individual experiments. Data
(mean = S.D.; n=3) are expressed as a percent of total receptor remaining relative to
the 0 min control. PAR1 CC/AA mutant degradation was significantly attenuated in 6-
siRNA transfected cells compared to ns-siRNA treated control cells (**, P < 0.01 and
*, P<0.05) as determined by two-way ANOVA with a Bonferroni post-hoc test.
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Chapter 4: The role of palmitoylation in PAR1 signaling

4.1 Abstract

Palmitoylation has diverse functions in the regulation of G protein-coupled
receptor (GPCR) signaling and trafficking, yet the function of palmitoylation in signal
regulation of the protease-activated receptor-1 (PAR1), a GPCR for thrombin, is not
known. PAR1 is a unique GPCR that couples to multiple G-protein subtypes, but the
mechanisms that regulate G-protein selectivity are not well understood. We have
previously established that PAR1 is basally palmitoylated, and palmitoylation affects
accessibility of tyrosine-based sorting motifs in the C-tail of the receptor. We utilized a
palmitoylation-deficient mutant of PAR1 in which C-tail cysteine residues (C*’ and
C>®) were converted to alanines (A) (PAR1 CC/AA), to examine the role of
palmitoylation on PAR1 signal regulation. Similar to wildtype PAR1, the
palmitoylation-deficient PAR1 mutant was capable of eliciting thrombin-induced
phosphoinositide hydrolysis and ERK1/2 activation. However, thrombin-induced p38
MAPK signaling was greatly reduced in palmitoylation-deficient PAR1 mutant
expressing cells. Furthermore, palmitoylation of PAR1 was also required for RhoA
activation, which is likely mediated by Gai2/13 (1,2) as well as an interaction with Ga.
Endothelial cells expressing PAR1 CC/AA mutant failed to display thrombin-induced
barrier permeability, a phenotype that is likely due to impairment of PAR1 signaling to
specific pathways observed in the absence of palmitoylation. Thus, palmitoylation is
likely to stabilize the proper PAR1 C-tail conformation important for regulation of

specific receptor signaling pathways.
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4.2 Introduction

Activated PAR1 couples to multiple heterotrimeric G-protein subtypes
including G213, Gg, and Gip, which are comprised of a and By subunits, and promotes
diverse cellular responses in various cell types (3,4). Activated PAR1 inhibits cAMP
accumulation through Gay, and stimulates phospholipase C-mediated
phosphoinositide hydrolysis and calcium mobilization via Gaq (5-7). Gag signaling
mediates platelet aggregation and numerous endothelial cell transcriptional
responses through the activation of calcium-regulated kinases and phosphatases,
RasGEFs, and mitogen-activated protein (MAP) kinase cascades. PAR1 coupling to
Goay2113 stimulates Rho-guanine nucleotide exchange factors (GEFs) to activate RhoA,
which mediates cytoskeletal changes that are involved in cell shape changes as well
as cell migration and endothelial permeability. It is not clear how PAR1 selectively
couples to specific G-protein subtypes within the same cell, and there is limited
knowledge about the mechanisms by which activated PAR1 uncouples from these

distinct G protein subtypes.

Thrombin can directly activate PAR1 on endothelial cells to evoke pro-
inflammatory signaling and increase vascular permeability. Thrombin activation of
PART results in Gog coupling, generating second messenger responses that lead to
increased intracellular Ca® and activation of kinases such as PKCa as well as
serine/threonine phosphatases (8). PKCa mediated phosphorylation of p120 catenin,
and dephosphorylation of VE-cadherin result in disassembly of adherens junctions
and endothelial barrier permeability (9). PAR1 is also capable of coupling to Gouyz/13

which directly activates the guanine nucleotide exchange factor (GEF) p115RhoGEF,
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which in turn activates RhoA (10). Interestingly, p115RhoGEF has also been shown
to be phosphorylated by PKCa, suggesting that both Go.1213 and Gog pathways can
lead to RhoA mediated endothelial barrier disruption in HUVECs (11). Following
RhoA activation, Rho-associated kinase (ROCK) induces cytoskeletal reorganization
and myosin contractility (12). Increased concentrations of cAMP have been
associated with endothelial barrier protection via PKA activation and RhoA inhibition
(13). Thrombin stimulation has been shown to result in coupling to Ga; and inhibition
of cyclic AMP (cAMP) production (5,14), thus providing an additional signaling

pathway by which thrombin stimulation promotes barrier disruption.

The mechanisms that govern PAR1 G protein specificity are not very well
understood. It is possible that palmitoylation of the C-tail cysteine residues can
influence G-protein coupling and downstream signaling by modulating the
conformation of the C-tail. There are a few examples in the literature demonstrating
that palmitoylation affects G-protein coupling specificity for some GPCRs. For the
endothelin receptor A, palmitoylation is important for coupling to Gayg, since
palmitoylation-defective mutants displayed impaired agonist-induced phospholipase
C activation, but their capacity to affect agonist-induced adenylyl cyclase remained
intact (15). Palmitoylation of the V, receptor is important for signaling to the MAPK
pathway, but not for adenylyl cyclase signaling, suggesting that palmitoylation is
important for interaction with p-arrestin, but not Gas (16). Interestingly, the 5-HT+,
receptor is modified with palmitoylation at a proximal and distal site in the C-tail (17),
suggesting that two additional intracellular loops can be formed. However, only the

proximal palmitoylation site regulated 5-HT7,-mediated specific G-protein pathways.
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Mutagenesis of the proximal palmitoylation site increased the constitutive Ga,s activity
linked to the 5-HT-, receptor, whereas constitutive Ga.y, activity was unaffected (17).
In the studies described in this chapter, we examined if palmitoylation of PAR1 is
important for thrombin-induced G protein coupling specificity by examining

downstream signaling pathways.

Here we examined thrombin-induced signaling pathways of a palmitoylation-
deficient PAR1 mutant (CC/AA) expressed in HeLa and endothelial cells. We
previously confirmed that this mutant is expressed at the cell surface (Figs. 2.3, 2.4)
and is trafficked to caveolae- enriched microdomains like wildtype PAR1 (Fig. 3.1).
Remarkably, thrombin-activation of the PAR1 CC/AA mutant expressed in endothelial
cells failed to increase endothelial barrier permeability in contrast to the wildtype
receptor. Additionally, the PAR1 CC/AA mutant is cleaved by thrombin, indicating
that this phenotype is not due to a receptor defect in thrombin cleavage. We further
demonstrate that the palmitoylation-deficient PAR1 mutant is capable of inducing
ERK1/2 phosphorylation, a downstream signaling effector of Gag (18,19), similar to
wildtype PAR1. However, palmitoylation of PAR1 is required for thrombin-induced
p38 MAPK signaling pathways and Ga.12/13-mediated RhoA activation, as well as G
association. Taken together, these data suggest that palmitoylation of PAR1 is
important for signaling through distinct G protein subtypes that mediate endothelial

barrier permeability.

4.3 Materials and Methods

Reagents and Antibodies — Human a-thrombin was purchased from Enzyme

Research Laboratories (South Bend, IN). Tumor necrosis factor (TNF)-a was
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purchased from PeproTech, Inc (Rocky Hill, NJ). Mouse monoclonal anti-FLAG
antibody M2 and mouse anti-p-actin were purchased from Sigma Aldrich. Mouse
anti-PAR1 WEDE antibody was from Beckman Coulter (Fullerton, CA). Rabbit anti-
PAR1 ¢c5433 antibody was previously described (20). Rabbit anti-FLAG polyclonal
antibody was from Rockland Immunochemicals, Inc (Gilbertsville, PA). Anti-p44/42
MAPK (ERK1/2), phospho-p44/42 MAPK (ERK1/2), p38 MAPK, phospho-p38 MAPK,
MSK1, and phospho-MSK1 antibodies were from Cell Signaling Technology (Beverly,
MA). The anti-RhoA antibody is from Santa Cruz Biotechnology. Horseradish
peroxidase conjugated secondary goat anti-mouse and goat anti-rabbit antibodies

were obtained from Invitrogen.

cDNAs and Cell Lines — the Ga;-Rluc and PAR1-YFP constructs were
generously provided by Dr. Jean-Philippe Pin (Montpellier University). The PAR1
CC/AA-YFP mutant was generated by quick-change site-directed mutagenesis. A
cDNA plasmid encoding human wild-type PAR1 with an N-terminally tagged FLAG
epitope was cloned into a pLXSN vector. Site-directed mutagenesis was used to
generate siRNA resistance by mutating the PAR1 siRNA binding site from 5’-
AGATTAGTCTCCATCAATA-3’to 5-AGATTAGTCTCCAAGAATA-3’. The short
hairpin RNAI targeting PAR1 was previously described (21). Site-directed
mutagenesis was also used to generate the siRNA resistant FLAG PAR1 CC/AA
mutant, in which cysteines 387 and 388 were converted to alanines with the following
primers: 5-GTGCCAGAGGTACGTCTACAGTATCTTAGCCGCCAAAGAAAGTTCC-3’
and 5-GGAACTTTCTTTGGCGGCTAAGATACTGTAGACGTACCTCTGGCAC-3'.

Both constructs were confirmed with dideoxy sequencing. Retroviruses were
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generated in a GP2-293 packaging cell line and used to infect EA.hy926 cells that
were stably transduced with PAR1 shRNA, as previously described (21). Mass
populations of cells expressing siRNA resistant FLAG PAR1 wildtype (WT) or FLAG

PAR1 CC/AA in were selected in 250ug/ml G418.

Permeability Assays — Endothelial barrier permeability was assessed by
quantifying the flow of Evans blue- bound BSA through a confluent cell monolayer, as
previously described (21). Briefly, siRNA resistant FLAG PAR1 WT or CC/AA mutant
expressing EA.hy926 cells were plated in 12 mm transwells containing a 3 uM pore
size polycarbonate filter (Corning) at a density of 1.0x10° cells per well. Cells were
grown for 3 days at 37°C in 10% FBS Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 20% pre-conditioned media. Cells were starved 24hrs prior to the
experiment in 0.2% FBS DMEM. On the day of the experiment, cells were incubated
with media containing 0.1% BSA, 20 mM HEPES for 3 hrs and then stimulated with
10 nM thrombin for 10min at 37°C. The media in the upper chamber was replaced
with 0.67 mg/ml Evans blue diluted in growth media containing 4% BSA. The optical
density (O.D.) at 605 nm was measured in a 1:2 diluted 75 ul sample collected from

the bottom chamber using a Molecular Devices Plate Reader (Sunnyvale, CA).

RhoA activation assays — GST-Rhotekin Rho-binding domain (RBD) fusion
protein was transformed into BL21 Escherichia coli. The fusion protein was induced
and purified as previously described (21). EA.hy926 cells stably transduced with
siRNA resistant FLAG PAR1 WT and siRNA resistant CC/AA mutant were plated in 6
cm dishes at a density of 2.1 x 10° cells per dish and grown for 3 days. Cells were

starved overnight in 0.2% FBS DMEM. Prior to stimulation, cells were incubated in
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media containing 0.1% BSA, 20mM HEPES for 3 hrs. Cells were stimulated with
10nM thrombin for 2.5 and 5min, and then lysed in a buffer containing 50 mM Tris-
HCI pH 7.4, 2 mM MgCl;, 1% Triton X-100, 10% glycerol, 100 mM NacCl. Lysis buffer
was supplemented with 1 mM DTT and protease inhibitors: 1 ug/ml leupeptin, 2 ug/ml
aprotinin, 1 ug/ml pepstatin A, 10 ug/ml benzamidine, and 1 ug/ml soybean trypsin
inhibitor. Equivalent amounts of lysates were incubated with GST Rhotekin-RBD
bound to glutathione sepharose beads for 40 min at 4°C. Beads were washed with
lysis buffer, and GTP-bound RhoA was eluted with 2X sample buffer [125 mM Tris-
HCI at pH 6.8, 20% v/v glycerol, 10% w/v SDS, 0.2M DTT, and 0.02% w/v
bromophenol blue]. Total and GTP-bound RhoA were resolved by 12% SDS-PAGE,

transferred to PVDF membranes, and immunoblotted with anti-RhoA antibody

BRET Assays — COS7 cells were seeded at 2.5 x 10° cells/well in 6-well
plates. Cells were transfected with 100 ug of Ga; fused to Rluc and varying amounts
of PAR1 WT-YFP or CC/AA-YFP mutant. Serum-starved cells were washed,
dissociated using a non-enzymatic solution Cellstripper™ (Mediatech Inc., VA),
resuspended in PBS containing 0.5 mM MgCl, and 0.1% glucose and counted. Cells
(~4 x 10*in 80 ul) were transferred to 96-well plates in triplicate for each condition.
The fluorescence intensity of YFP was examined by excitation at 485 nm and
emission at 535 nm using a Berthold Tristar LB 941 microplate reader (Berthold
Technologies, GmbH & Co. Germany). The coelenterazine H (Biotium Inc., CA)
substrate was added to cells at a final concentration of 5 uM. After an 8min delay,
total luminescence was measured by integrating the signal for 1 sec/well without filter

selection. Rluc and YFP signals were determined using 480 nm and 530 nm filters,
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respectively. For thrombin stimulation time course, cells were treated with 10nM
thrombin or buffer control following an 8min delay after coelentrazine H addition. The
BRET ratio was calculated as (emission at 530nm)/(emission at 480nm) and net
BRET signal determined by subtracting the background BRET, which is the BRET
ratio from cells expressing the Rluc construct only. Data were fitted with non-linear

regression using GraphPad Prism 4.0 software (GraphPad Inc., La Jolla, CA).

ERK 1/2, p38, and MSK1 phosphorylation assays — FLAG PAR1 WT or
CC/AA mutant expressing EA.hy926 cells were plated in 24 well plates at a density of
1.5 x10° cells/ well. Cells were grown for 4 days, and starved 24 hrs prior to the
experiment in 0.2% FBS DMEM. In a similar manner, Hela cells transiently
expressing FLAG PAR1 WT or CC/AA mutant were plated in 24 well plates at a
density of 0.8 x10° cells/well, grown for 24 hrs, and serum starved overnight. On the
day of the experiment, EA.hy926 and Hela cells were incubated for 2 hrs in media
containing 0.1% BSA, 20 mM HEPES and then stimulated with 10 nM thrombin for
various times at 37°C. Cells were directly lysed in 2X SDS sample containing 125
mM Tris-HCI at pH 6.8, 20% v/v glycerol, 10% w/v SDS, 0.2 M DTT, and 0.02% w/v
bromophenol blue. Equivalent amounts of lysates were resolved by SDS-PAGE and
immunoblotted with phospho specific antibodies for ERK 1/2, p38, and MSK1, then

stripped and re-probed for total ERK1/2, total p38, and total MSK1.

Cold Cleave Assays — FLAG PAR1 WT or CC/AA mutant expressing
EA.hy926 cells were plated in 6 well plates at a density of 8 x10° cells per well. Cells
were grown for 4 days and then starved overnight in 0.2% FBS DMEM. Cells were

incubated for 2hrs in media containing 0.1% BSA, 20 mM HEPES at 37°C and then
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placed on ice. Cells were incubated in cold 0.1% BSA, 20 mM HEPES media for
30min and then treated with cold 30nM thrombin on ice. Cells were washed with ice
cold media and then incubated on ice with 0.5 U/ml hirudin for 5 min. Cells were
washed with ice cold PBS and lysed in a triton lysis buffer containing 1% Triton X-
100, 50 mM Tris-HCI pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 mM NaF, and 10 mM
NaPP supplemented with protease inhibitors 100 ug/ml PMSF, 1 ug/ml leupeptin, 2
ug/ml aprotinin, 1 ug/ml pepstatin A, 10 ug/ml benzamidine, and 1 ug/ml soybean
trypsin inhibitor. Whole cell lysates were immunoprecipitated with M2 FLAG antibody
overnight at 4°C. Immunoprecipitates were resolved by SDS-PAGE, transferred to

PVDF membranes, and immunoblotted to detect FLAG PAR1.

Phosphoinositide (Pl) Hydrolysis — HelLa cells were seeded at 0.75 x 10°
cells/well in 24-well plates and transfected with FLAG-PAR1 WT, CC/AA mutant or
pBJ vector control. Cells were then labeled with 1.0 pCi/ml myo-[*H]inositol
(American Radiolabeled Chemicals, St Louis, MO) in inositol-free DMEM overnight,
washed and stimulated with thrombin in the presence of 20mM LiCl for various times
at 37°C. The amounts of accumulated [°H]inositol phosphates (IPs) were measured

as described (22).

4.4 Results

4.4.1 Gq signaling in PAR1 CC/AA expressing HelLa cells

To assess the function of PAR1 palmitoylation, we first compared the
signaling properties of PAR1 WT versus CC/AA mutant in HelLa cells. Activation of

PAR1 is known to stimulate phospholipase C-mediated phosphoinositide hydrolysis, a
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response mediated by Gaq in most cell types (23,24). HelLa cells expressing similar
amounts of PAR1 WT and CC/AA mutant on the cell surface (Fig. 4.1A) were labeled
with myo-[*HJinositol, incubated with 10 nM thrombin for various times at 37°C in the
presence of 20 mM LiCl to inhibit inositol phosphate (IP) phosphatases. Following
stimulation, the formation of [°*H]IPs were isolated by column chromatography and
quantified by scintillation counting, as previously described (25). Thrombin-activation
of PAR1 WT and CC/AA mutant resulted in a similar initial rapid increase in Pl
hydrolysis, followed by a slower sustained phase of [°H]IP generation after 20 min
and maximal [*H]IP accumulation was detected at 60 min (Fig. 4.1A). No change in
[*H]IP accumulation was detected in pBJ vector transfected cells treated with
thrombin for 60 min (Fig. 4.1A), indicating that thrombin signaling is PAR1 dependent.
We next evaluated PAR1 WT and CC/AA capacity to couple to G protein signaling by
examining the concentration effect curve of thrombin-induced PI hydrolysis (Fig.
4.1B). Hela cells expressing PAR1 WT and CC/AA mutant labeled with myo-
[®H]inositol were treated with varying concentrations of thrombin for 20min at 37°C,
and the generation of [°H]IPs were measured. The effective concentration of thrombin
needed to stimulate half-maximal response (ECso) for PAR1 WT versus CC/AA
mutant was modestly different, but significant (Fig. 4.1B), suggesting that
palmitoylation can modulate receptor coupling to Gag-stimulated signaling. These
results are consistent with a previous report that employed a PAR1 mutant containing
C%7 and C** to serine (S) mutations (26), although palmitoylation of PAR1 was not

examined in this study. Together these findings suggest that palmitoylation is not
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essential for PAR1-induced Ga,-mediated Pl signaling but it can modulate the

response.

4.4.2 PAR1 CC/AA elicits ERK1/2 activation in response to thrombin

It has been demonstrated that PAR1 activation by thrombin elicits ERK1/2
phosphorylation, a signaling response that is downstream of Goq and Ga; activation
(18,27). Initial studies comparing PAR1 WT versus CC/AA Goq signaling in HelLa
cells has revealed that the kinetics of Gaq signaling are indistinguishable in response
to saturating doses of thrombin (Fig 4.1A). Next we examined the kinetics of ERK1/2
activation to determine whether it reflects the Ga,-mediated PI signaling. To test this,
Hela cells expressing comparable amounts of PAR1 WT or CC/AA mutant were
stimulated with 10 nM thrombin for various times, lysed and immunoblotted with
antibodies that detect ERK1/2 phosphorylation. PAR1 WT and CC/AA expressing
cells elicited robust ERK1/2 phosphorylation in response to thrombin (Fig 4.2A).
Quantification of the ERK1/2 phosphorylation from multiple experiments indicated that
the magnitude of response is not statistically significantly different between PAR1 WT

and CC/AA expressing cells (Fig 4.2B).

We utilized stable knockdown-rescue PAR1 wildtype or CC/AA in EA.hy926
endothelial stable cell lines (as previously described in Fig. 2.4) to confirm the
signaling response observed in HelLa cells. Endogenous PAR1 is depleted in these
cells, and serve as a good system to examine signaling pathways of the
palmitoylation-deficient mutant in a physiologically relevant cell-type. Both PAR1

wildtype and CC/AA expressing endothelial cells elicited ERK 1/2 phosphorylation in
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response to thrombin (Fig 4.2C), thus confirming the results we observed in HelLa
cells (Fig 4.2A). Quantification of multiple experiments demonstrates that both WT
and CC/AA mutant elicit a comparable magnitude of ERK1/2 activation in response to
thrombin (Fig 4.2D). Taken together, these data suggests that palmitoylation of
PART1 is not essential for ERK1/2 activation, and supports our previous study
demonstrating that PAR1 WT and CC/AA signal comparably to Ga,- stimulated Pl

hydrolysis (Fig 4.1).

4.4.3 Palmitoylation is required for thrombin induced barrier permeability in

endothelial cells

Thrombin has been shown to induce robust endothelial barrier permeability
through the activation of PAR1 (28). We investigated whether palmitoylation of PAR1
was important for this physiologically relevant response. We examined endothelial
barrier permeability of a confluent monolayer of endothelial cells expressing PAR1
WT or CC/AA mutant using transwell chambers. Cells were stimulated with thrombin,
and endothelial barrier permeability was assessed by quantifying the amount of
Evans blue-bound BSA that passed from the upper chamber to the lower chamber.
PAR1 WT expressing cells exhibited robust permeability following thrombin
stimulation compared to unstimulated control cells (Fig 4.3A). Intriguingly, thrombin
stimulation failed to induce barrier permeability in PAR1 CC/AA mutant expressing
cells compared to unstimulated control cells (Fig 4.3A). In order to ensure that cell
surface receptors were cleaved by thrombin, PAR1 WT and CC/AA expressing
endothelial cells were treated with 30 nM thrombin at 4°C. Under these conditions
receptors are not internalized. Glycosylated and non-glycosylated forms of PAR1 are

detected in FLAG PAR1 WT and CC/AA expressing cells that were not treated with
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thrombin (Fig 3.4B lanes 1 and 4). Treatment with 30 nM thrombin at 4°C shows
comparable cleavage of both glycosylated and non-glycosylated receptors, as
indicated by a loss of the N-terminal localized FLAG epitope (Fig 4.3B, lanes 2 and
5). Quantification of three independent experiments indicates comparable cleavage
of cell surface receptors between PAR1 WT and CC/AA mutant (Fig 4.3C), indicating
that the inability of PAR1 CC/AA to elicit thrombin-induced endothelial barrier

permeability is not due to a defect in thrombin cleavage.

4.4.4 Thrombin-induced RhoA activation is reduced in PAR1 CC/AA expressing

endothelial cells

Considering that the PAR1 CC/AA expressing endothelial cells were
unresponsive to thrombin-induced endothelial barrier permeability, we sought to
determine whether there were specific defects in mutant receptor signaling. We
demonstrated that PAR1 CC/AA mutant is capable of activating ERK1/2 in a manner
comparable to PAR1 WT in endothelial cells (Fig 4.2C and D). We next examined
whether other signaling pathways that mediate thrombin-induced endothelial barrier
permeability were disrupted in the absence of PAR1 palmitoylation. Thrombin
activation of PAR1 results in coupling to Ga213 (29), which mediates activation of the
GTPase RhoA (10). RhoA activity has been shown to regulate myosin light chain
phosphorylation, and subsequently cell contractility (12). In order to determine if
PAR1 palmitoylation is necessary for thrombin induced RhoA activation, we
stimulated PAR1 WT or CC/AA expressing endothelial cells with 10 nM thrombin and
isolated activated RhoA with GST- rhotekin binding domain (RBD) pull-downs, as
previously described (21,30). Thrombin treatment resulted in robust RhoA activation

in PAR1 WT expressing cells (Fig 4.4 lanes 5-6), but failed to activate RhoA as
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efficiently in PAR1 CC/AA mutant expressing cells (Fig 4.4, lanes 8-9). Endothelial
cells stably transduced with PAR1 shRNA failed to show any detectable RhoA
activation in response to thrombin treatment (Fig 4.4, lanes 2-3). These data suggest
that palmitoylation of PAR1 is important for RhoA activation, a response mediated
through Gaiy213 coupling. Combined, these findings suggest that the failure of PAR1
CC/AA mutant to elicit thrombin-induced endothelial barrier permeability correlates

with a deficiency in RhoA signaling.

4.4.5 Thrombin-induced p38 MAPK activation is reduced in PAR1 CC/AA

expressing cells

Although RhoA activity is important for thrombin-induced endothelial barrier
permeability, other signaling pathways contribute to disassembly of adherens
junctions and endothelial barrier disruption. The MAP Kinase p38 has been shown to
be involved in thrombin-induced barrier permeability (31). In addition, our group has
recently shown that PAR1-induced p38 activation occurs through non-canonical auto-
phosphorylation (32). The mechanism of thrombin-induced p38 activation is initiated
through PAR1 ubiquitination, which nucleates the formation of a TAB1/TAB2/p38
signaling complex that ultimately contributes to endothelial barrier permeability. We
have previously demonstrated that the PAR1 CC/AA mutant is defective in agonist-
induced ubiquitination in both HeLa and endothelial cells (Fig 2.6). Thus, we
assessed whether the PAR1 palmitoylation-deficient mutant was also defective in p38
MAPK activation. To test this, we stimulated PAR1 WT or CC/AA expressing
endothelial cells with thrombin and immunoblotted for phosphorylated p38. PAR1 WT
expressing cells exhibited p38 phosphorylation in response to thrombin as early as

2.5min (Fig 4.5A). Additionally MSK1, a downstream substrate of p38, shows similar
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kinetics of activation as p38 phosphorylation (Fig 4.5A). Surprisingly, PAR1 CC/AA
expressing cells did not elicit a robust p38 phosphorylation as exhibited by PAR1 WT
expressing cells (Fig 4.5A). Reduced p38 activity was assessed by analyzing MSK1
phosphorylation, which was dramatically decreased in PAR1 CC/AA expressing
endothelial cells (Fig 4.5A). Quantification of independent repeats indicates the
magnitude of p38 (Fig 4.5B) and MSK1 (Fig 4.5C) phosphorylation is significantly

greater in PAR1 WT versus CC/AA mutant expressing cells.

To ensure that PAR1 CC/AA expressing endothelial cells were not deficient in
global p38 signaling, we treated cells with the cytokine tumor necrosis factor-a (TNF-
o), which is known to activate the canonical p38 MAPK pathway via upstream MAPK
kinases MKK3 and MKKG6 (33,34). Stimulation with TNF-a elicited robust p38
phosphorylation in CC/AA expressing cells, which was comparable to the response
seen with PAR1 WT expressing cells (Fig 4.6A). Quantification of the p38 response
from independent experiments confirmed that the magnitude of p38 phosphorylation
in response to TNF-a was not different between PAR1 WT versus CC/AA mutant (Fig
4.6B). Therefore, the disruption in p38 MAPK signaling exhibited by PAR1 CC/AA is

not due to a global defect in p38 activation.

We next confirmed the defect in thrombin-induced p38 MAPK signaling in
Hela cells. Stimulation of HeLa cells expressing PAR1 WT or CC/AA mutant with
thrombin resulted in a signaling profile similar to that observed for the endothelial
cells. PAR1 WT expressing HelLa cells showed robust p38 phosphorylation, whereas
PAR1 CC/AA displayed diminished a response (Fig 4.7A). Furthermore, MSK1

phosphorylation was also decreased in PAR1 CC/AA expressing cells (Fig 4.7A).
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Indeed, quantification of multiple independent experiments confirmed that the
magnitude of p38 phosphorylation was significantly greater in PAR1 WT than PAR1
CC/AA expressing HelLa cells (Fig 4.7B). Taken together, these data demonstrate

that palmitoylation is critical for thrombin-induced p38 MAPK activation.

4.4.6 Thrombin-induced RhoA activation is not mediated by p38 MAPK

We have demonstrated that palmitoylation is critical for thrombin-induced
RhoA activation and thrombin-induced p38 MAPK signaling pathways. Considering
that palmitoylation is critical for PAR1 ubiquitination (Fig 2.6), and consequently p38
MAPK signaling (Fig 4.5C), we were interested in determining if p38 MAPK activity
was required for RhoA activation. To examine this, we utilized the inhibitor
SB203580, which binds to the nucleotide-binding pocket of p38 to inhibit p38-
autophosphorylation. This inhibitor does not affect p38 phosphorylation by upstream
kinases MKK3/6, and thus serves as a useful strategy to specifically inhibit non-
canonical p38 signaling (35). We demonstrated that pretreatment with 1 uM
SB203580 reduced thrombin-induced p38 phosphorylation compared to untreated
controls (Fig 4.8A lanes 4-6). Under these conditions, we stimulated PAR1 WT
expressing endothelial cells with 10 nM thrombin for 2.5 min and isolated activated
RhoA with GST-rhotekin binding domain (RBD) pull-downs. PAR1 WT expressing
endothelial cells showed comparable levels of thrombin-induced RhoA activation
regardless of SB20358 pretreatment (Fig 4.8B), suggesting that p38 activation is not
critical for RhoA activation. Indeed, quantification of three different experiments
demonstrates that RhoA activation was not statistically significantly different from
untreated controls (Fig 4.8C). Taken together these data suggest that thrombin-

induced p38MAPK activity is not required for RhoA activation. Therefore the defects
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observed in the RhoA and p38MAPK signaling pathways, exhibited by the PAR1

CC/AA mutant are distinct.

4.4.7 Receptor palmitoylation is critical for Ga; association with PAR1

PAR1 couples to Go,; in response to thrombin, which results in decreased
production of cAMP (7,14). Itis has been demonstrated that elevated levels of CAMP
stabilize endothelial barrier permeability (36,37). Considering that PAR1 CC/AA
expressing cells did not exhibit endothelial barrier permeability in response to
thrombin, we determined if this could partly be due to defective Ga; signaling. To
examine if Ga; coupling was defective for the palmitoylation-deficient PAR1 mutant,
we examined Ga; interaction with the receptor in living cells using BRET. BRET was
assessed in COS7 cells transfected with a constant amount of the Ga,; fused to Rluc,
together with varying amounts of PAR1 WT or CC/AA mutant tagged with YFP at the
C-terminus. A hyperbolic increase in BRET was detected as the ratio of PAR1 WT-
YFP to Gai-Rluc increased, suggesting that PAR1 WT- Ga, protein interaction is
specific (Fig. 4.8A). We also observed a hyperbolic increase in net BRET as the ratios
of PAR1 CC/AA -G, were increased (Fig. 4.9A). However, the PAR1 CC/AA -Ga,
net BRET values were generally lower compared to those exhibited by PAR1 WT-Ga;
(Fig. 4.9A). In order to evaluate the relative affinity of PAR1 WT versus CC/AA
mutant to Gai;, the BRET5g values were determined. The PAR1 CC/AA- Ga; BRETs
value was significantly lower than the PAR1 WT- Ga; BRETs, indicating that PAR1
has reduced affinity to Ga;in the absence of palmitoylation (Fig. 3.9A, insetf). The
maximum net BRET signal observed with PAR1 CC/AA-YFP and Ga;-Rluc was also

significantly lower than that exhibited by PAR1 WT-YFP and Gaoi-Rluc, suggesting
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that the nature of the Ga; interaction with receptor is different (Fig. 3.8A, inset). Taken
together, these data indicate that palmitoylation of PAR1 is important for efficient
energy transfer of Goi-Rluc to PAR1 YFP, suggesting that palmitoylation may induce

a conformational change in the C-tail that is important for PAR1 association with Ga.

Although BRET examined under basal conditions suggests that PAR1 CC/AA
is defective for Ga;association, we examined whether thrombin stimulation would
result in a change of the net BRET. To examine this, we stimulated cells expressing
the lowest PAR1-YFP/ Ga, ratio required to achieve saturation in our titration
experiment (Fig. 4.9A). COS7 cells expressing PAR1 WT-YFP or CC/AA-YFP along
with Goy-Rluc were stimulated with 10 nM thrombin or buffer as a control. We
observed a thrombin-dependent increase in net BRET between PAR1 WT and Go;
that was not observed in buffer treated conditions (Fig. 4.9B). In contrast, cells
expressing PAR1 CC/AA and Go; did not show a thrombin-dependent increase in net
BRET (Fig. 4.9C). The differences observed in Ga; association between PAR1 WT
versus PAR1 CC/AA suggest that palmitoylation could be important for thrombin-

induced Go, signaling.

4.5 Conclusions

Results from our studies indicate that palmitoylation of PAR1 is required for
thrombin-induced endothelial barrier disruption. However, we have demonstrated that
palmitoylation is not required for Gag -stimulated PI hydrolysis or ERK1/2 activation,
suggesting that these signaling pathways may not be essential for endothelial barrier

permeability. In contrast, we observed reduced thrombin-mediated RhoA activation in
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endothelial cells expressing PAR1 CC/AA mutant, suggesting that Ga.213 likely
contributes to endothelial barrier permeability in our cell system. In a similar manner,
endothelial barrier permeability appeared to be highly dependent upon Gaiy213 and not
on Gaq for HMEC-1 cells in response to thrombin (38). However, it has been
demonstrated that for other endothelial cell lines, endothelial barrier permeability is
dependent on not only Gaiyz/13, but also Gag-mediated calcium mobilization (39).
Release of calcium from intracellular stores can activate PKC-a, which can
phosphorylate Rho- GDP guanine nucleotide dissociation inhibitor (GDI) to activate
RhoA (40). PKC-a can also mediate the disruption of VE-cadherin junctions (41). In
vivo studies utilizing mice with endothelial cell (EC) targeted knockouts of Gay2/13 OF
Goq expression demonstrate that PAR1-stimulated vascular leakage is attenuated in
Goyg, but not Gaiyo/13 deficient endothelial cells (42). Furthermore, Gog and Gayzs
deficient endothelial cells are both defective in thrombin-induced myosin light chain
phosphorylation, suggesting that both signaling pathways can contribute to
endothelial cell contractility. (42). However, only Ga2/13 deficient endothelial cells are
defective in thrombin-induced RhoA activation, suggesting that Gaq signaling
pathways can cause endothelial cell contractility independent of RhoA activation (42).
This suggests that both G213 and Gagq signaling pathways can contribute to
endothelial cell contractility. Given that palmitoylation of PAR1 is not required for
Gog—mediated signaling to Pl hydrolysis, but it is required for RhoA activation, this
suggests that the RhoA pathway is critical for thrombin-induced endothelial barrier

permeability in our cell lines.
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It has been demonstrated that p38 activity is strongly correlated with
inflammatory signaling and endothelial barrier disruption. Most studies have focused
on the canonical pathway in which p38 is activated by upstream kinases MKK3/6
(33). However it has been demonstrated that binding of transforming growth factor-g-
activated protein kinase-1 binding protein-1 (TAB1) to p38 can induce a
conformational change in p38 that allows for autophosphorylation and activation
(35,43), thus revealing a non-canonical pathway. Our lab has recently shown that
PART1 is ubiquitinated upon agonist stimulation, and this modification serves as a
nucleation for a TAB1/TAB2/p38 signaling complex on endosomes to initiate non-
canonical p38 signaling (32). Furthermore, pretreatment with the p38 inhibitor
SB203580 attenuated thrombin-induced barrier permeability in vitro and in vivo
(31,32). We have demonstrated that palmitoylation is required for thrombin-induced
p38 phosphorylation and downstream signaling. In Chapter 2, we demonstrated that
palmitoylation is required for PAR1 ubiquitination to occur (Fig. 2.6). Taken together
our data suggest that palmitoylation of PAR1 C-tail may stabilize a conformation that
is critical for receptor ubiquitination, which ultimately affects p38 MAPK signaling and

contributes to endothelial barrier disruption.

Endothelial barrier breakdown in response to thrombin is accompanied with
decreases in cAMP and inactivation of Rac1 (37). Activation of cAMP with O-Me-
cAMP and Rap/Epac1 signaling was shown to enhance barrier protection by
activating Rac1 (36). However activation of cAMP with forskolin/rolipram also
enhances barrier stabilization independently of Rac1 activation (36). It is possible

that PAR1 coupling to Ga; results in decreased production of cAMP, and thus
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contributes to endothelial barrier disruption. Given the barrier protective phenotype
exhibited by the palmitoylation-deficient PAR1 mutant, we sought to determine if this
mutant is also defective in Ga; signaling. It has been previously demonstrated with
BRET that PAR1 basally associates with Ga,; (44). In this study, it was demonstrated
that BRET between PAR1 and Ga;increased rapidly with thrombin stimulation, and
returned to basal levels after 5 min, indicating that there is a conformational change
within PAR1 that affects energy transfer from the precoupled Goy-Rluc (44). We have
demonstrated that palmitoylation of PAR1 is important for basal Gao; association. In
contrast to what is observed with PAR1 WT, stimulation with thrombin failed to show
an increase BRET of Ga;-Rluc with PAR1 CC/AA YFP. Interestingly, the previous
study by Ayoub et al. also examined a PAR1 truncation mutant that had the YFP
positioned just after the palmitoylation sites (44). This mutant did not exhibit the basal
or thrombin-induced BRET that was exhibited by the WT receptor, indicating that the
position of the YFP is critical for energy transfer by the Go;-Rluc (44). We observed a
similar phenotype when the palmitoylation site was mutated, which could indicate that
the conformation of the C-tail in the absence of palmitoylation could be affecting
efficient energy transfer from the Goy-Rluc. Taken together, our results suggest that

palmitoylation of PAR1 is required for association with Ga.

Palmitoylation of the PAR1 C-tail is important for RhoA activation, a
downstream effector of Gay213, and Ga; coupling based on BRET analysis in
response to thrombin. Interestingly, Gag-stimulated Pl signaling appears to only be
modestly affected in the absence of PAR1 palmitoylation. It has been demonstrated

that the site of interaction for Gog occurs in the second intracellular loop of PAR1
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(45,46). Interestingly, mutagenesis of the second intracellular loop of PAR1 only
affected Gaq coupling, but not Gaiy2/13 or Gay. This suggests that G-proteins have
distinct sites of interaction on the cytoplasmic regions of PAR1 (45) and may explain
in part the differences we observed with the various signaling pathways. It is possible
that palmitoylation deficiency affects the conformation of the PAR1 C-tail, so that it
affects the ability of the receptor to associate with Goi1213 and Gai, but not Gog. In
conclusion, our data suggest that a lack of palmitoylation in the PAR1 C-tail can
influence receptor signaling to distinct G-protein-mediated signaling pathways (Fig

4.10) and ultimately affect thrombin-induced endothelial barrier permeability.
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Figure 4.1: Signaling by the palmitoylation-deficient PAR1 mutant. A) HelLa
cells transfected with FLAG-PAR1 wildtype (WT), CC/AA mutant, or pBJ vector were
labeled with myo-[*H]inositol and stimulated with 10 nM a-thrombin for various times
at 37°C. The data (mean + S.D.; n=3) represent the accumulation of [®H]inositol
phosphates in counts per minute (CPM). Cell surface expression of PAR1 WT,
CC/AA, and pBJ transfected cells from the same experiment was determined by
ELISA (mean + S.D.; n=3). B) Hela cells transfected with FLAG-PAR1 WT or CC/AA
mutant labeled with myo-[*H]inositol were treated with varying concentrations a-
thrombin for 20 min at 37°C. The data (mean + S.D.; n=3) represent the accumulation
of [*HJinositol phosphates expressed as CPM. The EC50 values calculated for PAR1
WT (1.29 X 10-10 M) versus CC/AA mutant (3.13 X 10-10 M) were statistically
significantly different (**, P< 0.01). Cell surface expression of PAR1 WT and CC/AA
mutant from the same experiment was determined by ELISA (mean + S.D.; n=3).
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Figure 4.2: Palmitoylation-deficient PAR1 elicits ERK1/2 phosphorylation in
response to thrombin. A) HelLa cells expressing PAR WT or CC/AA mutant were
stimulated with 10nM thrombin for various timepoints and then lysed. Lysates were
resolved by SDS-PAGE, transferred to PVDF membranes, and immunoblotted with
anti- ERK1/2, then stripped and reprobed with anti-phospho ERK1/2. B) Phospho
ERK signal was quantified from three independent experiments using ImageJ
software and normalized to the total ERK signal. Results are plotted as a fold (mean
+ SD) of the 0 min WT control. C) PAR1shRNA + siRNA resistant PAR1 WT or
CC/AA expressing endothelial cells were grown to confluency and treated with 10nM
thrombin for various times and then lysed and processed as described in (A). D)
Phospho ERK signal from endothelial cells was quantified from three independent
experiments using Imaged software and normalized to the total ERK signal. Results
are plotted as a fold (mean + SD) of the WT control at 0 min.
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Figure 4.3: Palmitoylation is required for thrombin-induced endothelial barrier
permeability. PAR1 shRNA EA.hy926 cells stably expressing siRNA resistant PAR1
WT or CC/AA mutant were grown to confluency and treated with 10 nM thrombin for
10 min at 37°C. Endothelial barrier permeability was assessed at multiple timepoints
after thrombin stimulation and plotted as absorbance of Evans Blue-BSA at O.D.
605nm (mean + SD). B) siRNA resistant PAR1 WT or CC/AA mutant EA.hy926 stable
cell lines were grown to confluency and treated with or without 30nM thrombin at 4°C
for 15 min, then washed, lysed and immunoprecipitated (IP) with M2 anti-FLAG
antibody or IgG control. IPs were resolved by SDS-PAGE, transferred to PVDF
membrane, and immunoblotted with anti-FLAG polyclonal antibody. Total lysates
were immunoblotted with anti-actin. C) Extent of thrombin cleavage was assessed by
quantifying the total levels of PAR1 in IPs using Image J. Thrombin treated samples
are plotted as a fraction (mean = S.D.) of the untreated controls.
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Figure 4.4: Palmitoylation is required for thrombin mediated RhoA activation.
PAR1 shRNA EA,hy926 cell lines stably expressing siRNA resistant FLAG PAR1 WT
or CC/AA mutant were treated with 10 nM thrombin for 2.5 or 5 min and lysed.
Equivalent amounts of lysates were incubated with GST-Rhotekin Rho-binding
domain (RBD) bound Sepharose beads to isolate GTP-bound RhoA. The amount of
activated RhoA was determined by immunoblotting GST pulldowns with anti-RhoA
antibody. An aliquot of lysates was immunoblotted for total RhoA with anti-RhoA

antibody.
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Figure 4.5: Palmitoylation is required for thrombin-induced p38 MAPK
activation in endothelial cells. A) PAR1 shRNA rescued with siRNA resistant
PAR1 WT or CC/AA mutant EA.hy926 stable cell lines were treated with 10nM
thrombin for various times and then lysed. Lysates were resolved by SDS-PAGE,
transferred to PVDF membranes, and immunoblotted with anti- p38 and anti-
phospho MSK1. Blots were stripped and reprobed with anti-phospho p38 and anti-
MSK1. B) Phospho p38 and was quantified from multiple experiments using ImageJ
software, normalized to the total p38 signal, and plotted as a fold of the 0 min WT
control (mean = SD). The fold of p38 phosphorylation in WT expressing cells was
statistically significantly greater than CC/AA expressing cells (***P < 0.001) as
assessed by two way ANOVA with a Bonferroni post-hoc analysis C) phospho MSK1
signal was quantified as described in (B). The fold of MSK phosphorylation was
statistically significantly greater in PAR1 WT expressing endothelial cells compared to
CC/AA expressing cells (***P < 0.001) as assessed by two way ANOVA with a
Bonferroni post-hoc analysis.



140

A Endothelial Cells B~
O 95_
PAR1 PAR1 2 -
WT CC/AA 0 8 20- I
TNF-o. 0 5 10° 0 5 10 (min) c,x.g 15 4
(@]
IB: phospho P po— So 10- [
p38 =
£= 5. 0 PART WT
IB: total P38 | s s s s G 0 O PAR1 CC/AA
S 0 5 10
= Time (min)

Figure 4.6: PAR1 CC/AA endothelial stable cell lines are not defective for
ligand-induced p38 signaling. A) PAR1 WT or CC/AA mutant EA.hy926 stable cell
lines were treated with 25ng/ml TNF-a for 5 or 10 min, and then lysed. Lysates were
resolved by SDS PAGE, transferred to PVDF membranes and immunoblotted with
anti-p38, then stripped and reprobed with anti- phospho p38. B) Phospho p38 signal
following TNF-a treatment was quantified from three independent experiments using
Imaged software and normalized to the total p38 signal. Results are plotted as a fold
(mean = SD) of the 0 min WT control.
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Figure 4.7: Palmitoylation is required for thrombin-induced p38 MAPK
activation in HeLa cells. A) HelLa cells expressing PAR WT or CC/AA mutant were
stimulated with 10 nM thrombin for various timepoints, lysed, and immunoblotted with
anti- p38. Blots were stripped and reprobed with anti-phospho p38. B) Phospho p38
signal in thrombin stimulated HelLa cells was quantified from three independent
experiments using Imaged software and normalized to the total p38 signal. Results
are plotted as a fold (mean + SD) of the 0 min WT control. The fold of p38
phosphorylation in WT expressing cells was statistically significantly greater than
CC/AA expressing cells (***P < 0.001) as assessed by two way ANOVA with a
Bonferroni post-hoc analysis.
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Figure 4.8: Thrombin-induced RhoA activation is not mediated by p38 MAPK. A)
PAR1 WT expressing EA.hy926 cells were treated with DMSO, or pretreated with 1
uM SB 203580, and then stimulated with 10 nM thrombin for 5 or 10 min. Cells
lysates were immunoblotted for total p38, then stripped and reprobed for phospho-
p38. B) PAR1 shRNA EA,hy926 cell lines stably expressing siRNA resistant FLAG
PAR1 WT were pretreated with 1 uM SB 203580, then stimulated with 10 nM
thrombin for 2.5 min and lysed. Equivalent amounts of lysates were incubated with
GST-Rhotekin Rho-binding domain (RBD) bound Sepharose beads to isolate GTP-
bound RhoA. The amount of activated RhoA was determined by immunoblotting GST
pulldowns with anti-RhoA antibody. An aliquot of lysates was immunoblotted for total
RhoA with anti-RhoA antibody. C) The amount of thrombin-stimulated RhoA-GTP
was quantified and normalized to total RhoA from 3 independent experiments. Data
(mean = SD) are expressed as a fraction of untreated controls.
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Figure 4.9: Palmitoylation of PAR1 is required for interaction with Ga;. A) COS7

cells were transfected with a fixed amount of Ga; fused to Rluc and increasing
amounts of PAR1 WT-YFP or PAR1 CC/AA-YFP and receptor-Ga,; interaction was
assessed by BRET. The data (mean + S.D.; n=3) shown are three individual
experiments performed in triplicate. Inset shows BRET.x and BRETs, values for

PAR1 WT and CC/AA mutant. B,C) COS7 cells were transfected with PAR1 WT-YFP

(B) or PAR1 CC/AA-YFP (C) along with Goy-Rluc, then stimulated with 10 nM
thrombin or buffer control. Net BRET is plotted for the first 5 min following thrombin

stimulation.
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Figure 4.10: A model for the role of PAR1 palmitoylation in activated receptor
signaling pathways. Activated wildtype PAR1 generates inositol phosphate (IP3)
production and activation of ERK1/2. Additionally, wildtype PAR1 displays RhoA
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activation, Ga; association, and ubiquitin-dependent p38 activation. In the absence of

palmitoylation, PAR1 retains the capacity to produce IP; and activate ERK1/2.

However, the palmitoylation-deficient PAR1 mutant displays reduced RhoA activation,

ubiquitin-dependent p38 signaling, and Go; association.
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Chapter 5: Conclusions

Thrombin is the main effector protease of the coagulation cascade and elicits
the majority of its cellular effects through the protease-activated receptor-1 (PAR1)
(1). PAR1 has a unique mechanism of activation that involves proteolytic cleavage of
the N-terminus (2). This event reveals a new N-terminus that can bind
intramolecularly onto the 2" extracellular loop of the receptor to initiate signaling
through heterotrimeric G-proteins. PAR1 is capable of coupling to multiple G-protein
subtypes including Gog, Gozi1s, and Ga, (1,3), but the mechanisms that dictate how
this occurs are not clearly understood. Given the irreversible nature of PAR1
activation, signaling of the receptor is tightly regulated through desensitization and
intracellular trafficking. Post-translational modifications are key regulatory
mechanisms that govern PAR1 desensitization and intracellular trafficking. PAR1 has
been demonstrated to be modified with phosphorylation (4), ubiquitination (4,5), and
glycosylation (6). Whether PAR1 is palmitoylated, and the effect of palmitoylation on
receptor signal regulation, has not been previously examined. Prior to this
dissertation, there was one published study that examined the signaling of a PAR1
mutant where cysteines 387 and 388 were converted to serines (7). This study did
not directly determine palmitoylation of the PAR1, but examined Ga, coupling of the
receptor through PI hydrolysis. They demonstrated that the PAR1 CC/SS mutant was
slightly less efficacious in eliciting inositol phosphate production in response to
thrombin stimulation (7). However, the effect of this mutation on PAR1 signaling to

other effectors was not examined. Given that the putative palmitoylation sites for
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PAR1 are highly conserved (Fig. 2.1), | first sought to determine whether PAR1 was
modified by palmitoylation and to assess the function of this post-translational
modification on receptor signaling and trafficking. The main conclusions of this work
and the significance to the field of GPCR signaling and trafficking are discussed

below.

5.1 PAR1 palmitoylation and other post-translational modifications

Prior to this dissertation, there were no studies that demonstrated PAR1 was
palmitoylated, although it was highly speculated (7). | first generated a mutant in
which the putative palmitoylation sites, C*®*" and C%%®, were mutated to alanines. |
demonstrated that PAR1 is modified with palmitoylation on these conserved cysteine
residues (Fig. 2.2). Mutagenesis of these critical cysteines to alanines was sufficient
to prevent palmitoylation from occurring, thus suggesting that these are the primary
sites for palmitoylation. | further characterized this PAR1 mutant and showed that it is
expressed at the cell surface and fully glycosylated (Fig 2.3). However, it appears as
though mutant is unable to be phosphorylated (Fig. 2.5) and ubiquitinated (Fig 2.6),
suggesting a role for a palmitoylated C-tail in proper recognition by GRKs and

ubiquitin ligases.

Although we have reported that PAR1 is palmitoylated on conserved cysteine
residues in the C-tall, it is not known if this modification is dynamic for this receptor.
We have shown palmitoylation through [°H]-palmitic acid labeling, and did not detect
robust changes in palmitoylation after agonist stimulation (Fig 2.2). This current

method does not allow us to determine how many receptors are palmitoylated on the
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cell surface, and it is not sensitive enough to detect small changes in palmitoylation.
Some GPCRs have been demonstrated to have increased palmitate turnover in
response to agonist (8-11) using pulse-chase [°H]palmitic acid labeling methods.
Although this method will show that a receptor is undergoing cycles of palmitoylation/
depalmitoylation, it does not indicate whether the overall palmitoylation status of the
receptor is increased or decreased. Acyl-biotin exchange (ABE) is another method to
measure protein palmitoylation, and involves chemically blocking unmodified
cysteines with N-ethylmaleimide, followed by removing palmitate on modified
cysteines with hydroxylamine, and then labeling the newly freed cysteines with biotin-
HPDP. The biotinylated proteins are then isolated with streptavidin beads and can be
probed for a protein of interest through western blotting. Since the biotinylation
exchange occurs after cells are lysed and processed, this method has the potential to
show a snapshot of receptor palmitoylation at a specific time or under a specific
condition. This technology is more sensitive than [*H]-palmitic acid labeling, and has
the potential to provide evidence for dynamic regulation. This method was
successfully employed for the p-opioid receptor (12) and the somatostatin receptor 5
(13). We tried to utilize this method to measure PAR1 palmitoylation, but were
unsuccessful. Other methods such as labeling with chemical probes and using click
chemistry have also been utilized to show palmitoylation of the u-opioid receptor (14)
and could provide another technique to determine if PAR1 palmitoylation is

dynamically regulated.

Thus, we currently do not know if non-pamitoylated and palmitoylated PAR1

forms exist in a heterogenous population, and whether this contributes to G-protein
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selectivity. However, given that other GPCRs have been shown to be dynamically
palmitoylated, it would be interesting to determine if this occurs for PAR1.
Additionally, we demonstrated for the first time that palmitoylation is critical for
receptor ubiquitination for a GPCR. We also demonstrated that palmitoylation is
critical for PAR1 phosphorylation, which has been shown to also be important for
some GPCRs (15,16). The studies described in this dissertation show that
palmitoylation is critical for certain aspects of PAR1 signaling and trafficking, therefore
determining if PAR1 is dynamically palmitoylated could add an additional level of
complexity for PAR1 signal regulation and provide new research avenues to be

explored.

5.2 Palmitoylation regulates accessibility of tyrosine-based sorting motifs and

PART1 trafficking

In the absence of palmitoylation, PAR1 was constitutively internalized at a
more rapid rate, yet agonist-induced internalization was unchanged (Fig. 3.2). This
phenotype reflected a similar phenotype that was observed with the PAR1
ubiquitination-deficient mutant (5) and prompted us to examine the ubiquitination
status of the CC/AA mutant (Fig. 2.6). Indeed, we observed that agonist-induced
ubiquitination of PAR1 was ablated, but basal ubiquitination appeared intact.

Previous studies have shown that mutagenesis of lysine residues K**' and K*** to
alanines was sufficient to induce enhanced constitutive internalization, suggesting
that occupation of the tyrosine-based sorting motif YK**'K*?LL with ubiquitin sterically
hinders AP-2 binding. Furthermore, it was shown that mutagenesis of the Y*°KKL**®

L motif to AKKAA prevents constitutive internalization, suggesting that this is the
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primary motif utilized by PAR1 (17). | determined that in the absence of
palmitoylation, PAR1 displayed enhanced constitutive internalization that was AP-2
dependent (Fig. 3.4) but independent of the Y**°KKL**® tyrosine-based sorting motif
(Fig. 3.6). Since we determined that basal ubiquitination was preserved in the PAR1
CC/AA mutant, these data suggested that a lack of ubiquitination in the YKKL motif
was not causing enhanced internalization of the CC/AA mutant. This result prompted
us to examine if the enhanced internalization exhibited in the absence of
palmitoylation is due to exposure of another tyrosine-based sorting motif localized

near the palmitoylation site.

PAR1 harbors another tyrosine-based sorting motif Y®**SIL®® near the
palmitoylation sites on the C-tail. It was previously reported that this motif is not
required for constitutive internalization, but is required for PAR1 degradation (18) and
AP-3 binding (19). | demonstrated that mutagenesis of this motif in the palmitoylation-
deficient PAR1 mutant is sufficient to revert the enhanced internalization phenotype
(Fig. 3.6). This suggests that the proximal tyrosine-based sorting motif can serve as
an alternative AP-2 binding site when it is at the cell surface, in the absence of
palmitoylation. Interestingly, a truncation mutant that lacked the palmitoylated
cysteines, but retained the YSIL motif also displayed enhanced constitutive
internalization (18) suggesting that the YSIL motif can facilitate constitutive
internalization in the absence of palmitoylation. | also demonstrated that the
palmitoylation-deficient PAR1 mutant is rapidly degraded basally, and this phenotype
is rescued with either mutagenesis of the YSIL motif (Fig. 3.9) or AP-3 knockdown

(Fig. 3.12). We hypothesize that the receptor is deplamitoylated to allow for AP-3
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recognition of the YSIL motif to facilitate receptor degradation following thrombin
cleavage. Unfortunately, the methods utilized to detect receptor palmitoylation might
not be sensitive enough to determine if the receptor is indeed dynamically
palmitoylated. Taken together, the data in this dissertation suggest that
palmitoylation of PAR1 can influence receptor trafficking by regulating exposure of

tyrosine-based sorting motifs.

Palmitoylation has been suggested to play a role regulating accessibility of
sorting motifs in other GPCRs. For example, the thromboxane A2 receptor TP
isoform harbors a C-tail YX3@ motif that functions in constitutive internalization (20).
Interestingly, TPp is constitutively palmitoylated at multiple C-tail cysteine residues,
yet the YX30 motif resides near the most proximal palmitoylated cysteine (21).
Perturbation of TP palmitoylation by mutation of the distal cysteine residues resulted
in loss of constitutive internalization (21), suggesting that palmitoylation is important
for the function of tyrosine motifs and constitutive internalization. Interestingly, the
CCRS5 receptor agonist induced internalization is predominantly dependent upon
phosphorylation and modestly dependent on a di-leucine motif in helix 8 (15). It was
also shown that a palmitoylation-deficient mutant displayed a defect in receptor
internalization (15). Although this defect could be attributed to a defect in
phosphorylation, it is also possible that the di-leucine motif is partly involved.
However, the role of CCR5 palmitoylation in the regulation of the di-leucine-based

sorting motif was not extensively examined.

It has been suggested that palmitoylation could be important in the regulation

of linear sorting motifs for some transmembrane proteins. For example, the
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transmembrane protein mucolipin-1 contains two functional acidic di-leucine based
sorting motifs, one of which is localized near a palmitoylation site. Mutagenesis of the
palmitoylation site reduced internalization of a mucolipin-1 C-tail chimera. These
studies suggest that palmitoylation could allow for closer proximity of the di-leucine
based sorting motif to the plasma membrane, where it can better associate with AP-2
for internalization (22). The yeast casein kinase Yck3p resides at the limiting
membrane of the vacuole, an organelle equivalent to the mammalian lysosome, and
requires both palmitoylation at its C-terminus and AP-3 binding to a canonical tyrosine
YXXQ motif for proper sorting to the vacuole (23). The mannose-6-phosphate
receptor is palmitoylated on two cysteine residues in the C-terminal tail, however
cysteine 34 was determined to be critical for receptor localization to lysosomes (24).
Interestingly, the authors proposed that palmitoylation could regulate the presentation
of a downstream di-leucine sorting signal to regulate sorting, however the role of this

di-leucine motif was not examined in this study.

Our studies have demonstrated a novel function for PAR1 palmitoylation in
receptor trafficking by regulating accessibility of tyrosine-based sorting motifs. It is
possible that palmitoylation could play a similar role in other GPCRs, as tyrosine-
based sorting motifs are localized near some established palmitoylation sites for other
GPCRs (Figure 5.1). Additionally, AP complexes can also bind to acidic di-leucine
based motifs composed of [D/E]-X-X-L-[L/I] or [D/E]-X-X-X-L-[L/I] to facilitate receptor
trafficking (25). Interestingly, some of these motifs are also located near established
palmitoylation sites for some other GPCRs (Fig. 5.1). In particular, the bradykinin B,

histamine H,, 5-HT7,, and vasopressin V, receptors would be good candidates to
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begin examining if palmitoylation regulates receptor sorting via the adjacent linear
sorting sequences (Fig 5.1). Such studies could be helpful in identifying a new role

for palmitoylation in GPCR trafficking.

5.3 Palmitoylation of PAR1 specifies distinct G-protein signaling pathways

| have demonstrated that palmitoylation of PAR1 is important for some, but not
all, thrombin-induced signaling pathways. Interestingly, | determined that
palmitoylation of PAR1 is critical for thrombin-induced endothelial barrier permeability
(Fig. 4.3). This phenotype could be attributed to defects in RhoA signaling, as RhoA
activity has been shown to regulate myosin light chain phosphorylation, and
subsequently cell contractility (26). Indeed, the palmitoylation-deficient PAR1 mutant
failed to stimulate RhoA activation is response to thrombin (Fig 4.4). Despite this
signaling defect, PAR1 CC/AA retained the capacity to elicit thrombin-induced
ERK1/2 phosphorylation, comparable to wildtype PAR1 (Fig. 4.2). Thrombin-induced
ERK1/2 activation is a response that is downstream Gy and Go; signaling pathways
(27,28). Additionally, thrombin-mediated phosphoinositide hydrolysis, a signaling
pathway downstream of Gog, was comparable between PAR1 WT and CC/AA mutant
receptors. However, the palmitoylation-deficient PAR1 mutant was unable to
stimulate p38 MAPK signaling to the same extent as the wildtype receptor in
endothelial cells (Fig. 4.5) and HelLa cells (Fig. 4.7). Finally, | demonstrate that the
palmitoylation- deficient mutant has decreased affinity for Ga; using BRET assays in
living cells (Fig. 4.8). Taken together, these data suggest that palmitoylation of PAR1

regulates some, but not all, thrombin-induced signaling pathways. Interestingly, the
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signaling pathways that are involved in endothelial barrier permeability signaling are

the most drastically affected in the absence of palmitoylation.

Palmitoylation has been shown to be critical for signaling in some GPCRs.
Palmitoylation-deficient rhodopsin displays a slower activation of the G-protein
transducin in vitro (29). Palmitoylation-deficient ,.adrenergic receptor showed
reduced stimulation of adenylyl cyclase (30), suggesting reduced coupling to Gas. A
palmitoylation-deficient endothelin B receptor was unable to inhibit the formation of
adenylyl cyclase or stimulate phospholipase C, suggesting that palmitoylation is
important for coupling to Ga,; and Gay for this receptor (31). In a similar manner,
GPCR palmitoylation was important for Ga; coupling for the 5-hydroxytryptamine-1A
(5-HT44) receptor (32). Although, the chemokine CCR5 receptor retained coupling to
Ga, the duration of the response was reduced with the palmitoylation-deficient mutant
(33). These studies suggest that palmitoylation could be important to G-protein

signaling in general.

There are examples where receptor palmitoylation modulates some, but not all
signaling pathways for GPCRs, and could suggest a role for G-protein selectivity. For
example, an endothelin receptor A (ETa) palmitoylation-deficient mutant displays
impaired agonist induced phospholipase C activation, suggesting that palmitoylation
is important for coupling to Gaq(34). However, this mutant was also retained the
ability to promote agonist induced adenylyl cyclase stimulation (34). The 5-HT7a
receptor is modified on multiple cysteine residues within the C-terminal tail. However,
only the proximal palmitoylation site was important in regulating constitutive Ga,

activity, as a mutation at this site increased [*°*S] GTPyS binding on Ga subunits in
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the absence of agonist (35). Interestingly, constitutive Gauy2/13 activity was unaffected,
even if all palmitoylation sites residues were mutated (35). In a similar manner,
palmitoylation of the V, receptor is important ERK1/2 activation, but not for the
adenylate cyclase signaling, suggesting that palmitoylation is important for interaction

with B-arrestin, but not Gaos for this receptor (36).

PAR1 couples to Gag, Gaiz1s, and Ga to elicit various cellular effects.
However, it is not well understood how PAR1 is able to couple to these distinct G-
protein subtypes. It would be interesting to determine if palmitoylation is important for
preassembly of some of these Ga subtypes to PAR1. It has been shown that PAR1
can pre-associate with Gog11, Gatyi/12, and Gaye families in COS7 cells (37). It has
been demonstrated that PAR1 interacts with Gag at the second intracellular loop
(38,39). There is also evidence that intracellular loop 3 is important for Gaq and Ga
coupling (40). Thus far, | have determined that certain downstream signaling events
are disrupted in the palmitoylation-deficient PAR1 mutant, but | have not
demonstrated direct G-protein association. Such studies could yield interesting
results, and perhaps highlight the relevance of a palmitoylated C-tail in specifying
receptor-G protein interactions. Palmitoylation of GPCR C-tails are predicted to
function in generating a 4" intracellular loop by inserting the palmitoyl groups into the
plasma membrane. It would be interesting to determine if point mutations within the
4™ intracellular loop affect G-protein affinity, and if these results could be corroborated
with the palmitoylation mutation. Such studies would help elucidate if some G-protein
subtypes, such as the Ga2/13 or Gay, require the 4" intracellular loop to associate with

PAR1.
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5.4 Concluding Remarks

The results presented in this dissertation highlight the relevance of
palmitoylation in regulating PAR1 post-translational modifications, receptor trafficking,
and specific G-protein signaling pathways. Clearly this modification is important for
the regulation of PAR1 levels at the cell surface and modulating a variety of cellular
responses elicited by thrombin. Palmitoylation is a unique modification because of its
ability to be dynamically regulated. It is possible that heterogenous populations of
palmitoylated and non-palmitoylated receptors could exist, perhaps in different
cellular compartments. The palmitoylation machinery has been demonstrated to
localize to multiple cellular compartments (41-43), and thus can influence receptor
palmitoylation/depalmitoylation, providing an additional level of complexity to
modulate signaling and trafficking. The data in this dissertation suggests that PAR1
palmitoylation is important for thrombin-induced inflammatory signaling and
endothelial barrier permeability. Furthermore, Goq signaling is retained in the
palmitoylation-deficient PAR1, an important signaling response for platelet
aggregation. It would be interesting to identify the palmitoyl acyl transferase (PAT)
that mediates PAR1 palmitoylation. Although given the diversity of palmitoylated
proteins, the abundance of the PAT family, and the potential for redundancy,
identifying the PAT specific for PAR1 will be challenging. We could begin with a
siRNA screen targeting the 24 mammalian PATSs, and searching for enhanced PAR1
constitutive internalization phenotype, or decreased p38 activity. Initial PAT
candidates can be further confirmed with labeling of [*H]palmitic acid and directly

examining PAR1 palmitoylation.
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For the GPCR rhodopsin, the 4™ intracellular loop generated by palmitoylation
is alpha-helical in structure, and has been termed the 8" helix. The conserved
NPxxY*% motif at the end of the 7™ transmembrane (TM7) domain forms a
microdomain with residues of the 8" helix (H8) in the rhodopsin receptor (44). Upon
activation of the receptor, Y*% rotates into a space opened by TM6 movement, and
thus activates of the TM7-H8 (44). These studies demonstrate that movement of the
8" helix is important in GPCR activation. Furthermore, it was demonstrated that the
8™ helix exhibits high mobility for the initial stages of B-arrestin binding to
phosphorylated rhodopsin, and then exhibits lower mobility to facilitate high-affinity
binding (45). It is interesting that the mobility of this 8" helix is very dynamic, and can
be altered when other proteins are in proximity. It is tempting to speculate that the
palmitoylation status allows for mobility of the 8" helix, and thus affects receptor

function.

Other GPCRs have been crystallized and also have an 8" helix, although not
always consistent with a palmitoylated cysteine residue anchoring the 8" helix. For
example, the 8™ helix was in the A,1 adenosine receptor crystal structure is stabilized
with helix | rather than palmitoylated cysteines, as this receptor lacks a palmitoylation
site (46). There have been a few other examples where an 8" helix was stabilized
without palmitoylated residues (47,48). Additionally, it was demonstrated that the 4"
intracellular loop is important for rhodopsin binding to Goy, but the absence of
palmitoylation did not affect binding (49). Mutagenesis studies targeting the 8" helix
affect GPCR function in a variety of ways, highlighting the increasing importance of

this domain. It is apparent that palmitoylation allows this domain to associate more
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closely with the plasma membrane, however it is not clear if palmitoylation alone
stabilizes this domain. Palmitoylation could regulate mobility of the 8™ helix and thus

add diversity to active conformations of the receptor.

GPCRs do not strictly have one conformational state of activation. The term
“biased signaling” refers to the ability for a GPCR to undertake unique active state
conformations that influence interactions with signaling proteins, ultimately leading to
different relative levels of downstream signaling pathways (50,51). Some of these
conformational changes are induced by different ligands, and such variability can
affect G-protein coupling and cellular responses. Post-translational modifications
have the potential to add another level of complexity to the signaling bias exhibited by
GPCRs. Biased signaling has become an attractive concept for new therapeutics, as
molecules that activate one particular pathway and not others could be useful in

minimizing side-effects of a particular drug.

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 (52). A
previous study showed that the small molecule benzimidazole derivate Q94
selectively blocks thrombin-activated PAR1 coupling to Goq signaling in mouse lung
fibroblasts which inhibited proliferation and fibroblast-to-myofibroblast differentiation
(53). In recent work, Dowal et al. identified an inhibitory molecule termed J5F that
appears to act at the intracytosolic face of the receptor that requires the PAR1
putative 8™ helix to inhibit Gogq signaling stimulated by SFLLRN in platelets (54).
Remarkably, however, the same compound J5F failed to affect SFLLRN-mediated

signaling to Ga.12 when examined in MDCK epithelial cells. J5F was also shown to



164

inhibit mouse PAR4 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 8th helix may be important for J5F effects in vivo. Clearly, more
work is needed to delineate the mechanisms by which activated PAR1 couples to
distinct G protein subtypes, which will facilitate the development of new therapeutic

reagents that can be used to selectively modulate specific signaling responses.
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Figure 5.1: Palmitoylated cysteine residues and localization of nearby sorting
motifs. Sequence alignment begins from the conserved [D/N]JPXXY motif of the 7"
transmembrane domain. Palmitoylated cysteine residues are highlighted in blue, red,
orange, and pink according to the legend. Tyrosine-based sorting motifs are
underlined in purple. Acidic di-Leucine sorting motifs are underlined in green for
[D/E]-X-X-L-[L/1] and pink for [D/E]-X-X-X-L-[L/I] sequences.
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