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Background: Protease-activated receptor-1 (PAR1) trafficking is regulated by adaptor protein complex-2 and -3 interaction

with C-tail tyrosine motifs.

Results: A palmitoylation-deficient PAR1 mutant displays altered utilization of tyrosine motifs and dysregulated trafficking.
Conclusion: Palmitoylation of PAR1 is necessary for proper adaptor protein recognition of tyrosine motifs and trafficking.
Significance: Defects in PAR1 palmitoylation cause dysregulated trafficking that likely abrogates expression at the cell surface.

Protease-activated receptor-1 (PAR1) is a G protein-coupled
receptor for the coagulant protease thrombin. Thrombin binds
to and cleaves the N terminus of PARI, 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 tyro-
sine-based motif localized within the C-terminal tail (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 PAR1 is critical for regulating
proper utilization of tyrosine-based motifs and endocytic sort-
ing. We show that PAR1 is basally palmitoylated at highly con-
served C-tail cysteines. A palmitoylation-deficient PAR1
mutant is competent to signal and exhibits a marked increase in
constitutive internalization and lysosomal degradation com-
pared with wild type receptor. Intriguingly, enhanced constitu-
tive internalization of PAR1 is mediated by AP-2 and requires
the proximal tyrosine-based motif rather than the distal tyro-
sine motif used by wild type receptor. Moreover, palmitoyla-
tion-deficient PAR1 displays increased degradation that is
mediated by AP-3. These findings suggest that palmitoylation of
PARI regulates appropriate utilization of tyrosine-based motifs
by adaptor proteins and endocytic trafficking, processes that are
critical for maintaining appropriate expression of PAR1 at the
cell surface.
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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 recep-
tor-1 (PAR1),®> a G protein-coupled receptor (GPCR) (1, 2).
PAR1 expression is essential for thrombin signaling in the vas-
culature and regulates platelet activation, endothelial cell acti-
vation, and embryonic development (3). PAR1 activation
occurs through an unusual proteolytic mechanism. Thrombin
binds to and cleaves the N terminus of PAR1, generating a new
N-terminal domain that acts as a tethered ligand by binding
intramolecularly to the receptor to initiate G protein signaling
(4). Synthetic peptides that mimic the newly formed N termi-
nus of PAR1 can activate the receptor independent of thrombin
and receptor cleavage (4, 5). Activated PAR1 couples to multi-
ple heterotrimeric G protein subtypes including G, G;/,, and
G,,/15 and promotes diverse cellular responses (1). Due to the
irreversible proteolytic nature of activation, PAR1 signaling is
tightly regulated through rapid desensitization and endocytic
trafficking.

Similar to most classic GPCRs, activated PAR1 is rapidly
desensitized by phosphorylation and B-arrestin binding (6, 7).
In addition to desensitization, trafficking of PAR1 is critical for
regulation of thrombin signaling (8, 9). PAR1 displays constitu-
tive and agonist-induced internalization that occurs indepen-
dent of B-arrestins (6). Constitutive internalization of PARI is
mediated by the clathrin adaptor protein complex-2 (AP-2)
(10), a heterotetrameric complex composed of «, 82, u2, and o
adaptin subunits. AP-2 regulates internalization of transmem-
brane proteins via u2-adaptin subunit interaction with tyro-
sine-based YXXJJ motifs, where Y is tyrosine, X denotes any
amino acid, and @ is a bulky hydrophobic residue (11, 12). PAR1
contains two tyrosine-based motifs within its C-terminal tail
(C-tail) located proximal to the seventh transmembrane

3 The abbreviations used are: PAR1, protease-activated receptor-1; GPCR, G
protein-coupled receptor; AP-2, adaptor protein complex-2; C-tail, C-ter-
minal carboxyl tail; AP-3 adaptor protein complex-3; BRET, biolumines-
cence resonance energy transfer; EEA1, early endosomal antigen-1; Rluc,
R. reniformis luciferase; LAMP1, lysosomal-associated membrane protein 1;
ANOVA, analysis of variance; TP, thromboxane A2 receptor.
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domain and at the distal end of the C-tail. We previously
showed that the wu2-adaptin subunit of AP-2 binds directly to
the PAR1 C-tail distal tyrosine-based motif to facilitate consti-
tutive internalization and cellular resensitization (10, 13). After
activation, PARI is internalized, sorted predominantly to lyso-
somes, and degraded, a process critical for termination of G
protein signaling (14). In contrast to constitutive internaliza-
tion, activated PAR1 internalization is dually regulated by the
clathrin adaptors AP-2 and epsin-1, which recognize distinct
C-tail phosphorylation and ubiquitination sorting signals (15).
Once internalized, PARI is sorted from endosomes to lyso-
somes via AP-3 interaction with the proximal tyrosine motif
(16, 17), a process that occurs independent of ubiquitination.
Whether additional regulatory events control PAR1 sorting
from endosomes to lysosomes is not known.

Posttranslational modifications are essential for the proper
regulation of all GPCRs. In addition to phosphorylation, many
GPCRs are modified by palmitoylation (18). Palmitoylation
occurs through the covalent attachment of palmitate, a 16-car-
bon 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 acyltransferases and removed by palmitoyl-protein
thioesterases (19). Many, but not all, GPCRs are palmitoylated
within the C-tail domain on juxtamembrane cysteine residues
(20, 21). Defective GPCR palmitoylation has been shown to
impair coupling to G proteins and to alter membrane traffick-
ing (18). However, in most cases the molecular mechanisms
responsible for GPCR dysfunction due to loss of palmitoylation
are not known.

Given the importance of PAR1 regulatory processes for the
fidelity of thrombin signaling, we sought to determine whether
PAR1 is modified by palmitoylation and the function of such a
posttranslational modification. In this study we demonstrate
for the first time that PAR1 is palmitoylated on highly con-
served C-tail cysteine residues. A palmitoylation-deficient
PARI1 mutant is trafficked to the cell surface and competent to
signal. However, the palmitoylation-deficient PAR]1 mutant
exhibited an enhanced rate of constitutive internalization and
lysosomal degradation compared with wild type receptor. We
further show that dysregulated trafficking of the palmitoyla-
tion-deficient PAR1 mutant is due to inappropriate utilization
of tyrosine-based motifs by the AP-2 and AP-3 sorting com-
plexes. These studies indicate that palmitoylation of PAR1 is
critical for regulating proper trafficking through the endocytic
system, and defects in palmitoylation result in inappropriate
PARI internalization from the cell surface and subsequent
degradation.

EXPERIMENTAL PROCEDURES

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). Human a-thrombin was obtained
from Enzyme Research Laboratories (South Bend, IN). Rabbit
polyclonal anti-FLAG antibody, mouse monoclonal M1 and
M2 anti-FLAG antibodies, and mouse monoclonal anti-B-actin
were purchased from Sigma. Anti-early endosomal antigen-1
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(EEA1) antibody, anti-u2 adaptin AP-50, and anti-8-subunit
AP-3 antibody were obtained from BD Biosciences. Lysosomal-
associated membrane protein 1 (LAMPI1) antibody was
obtained from the Developmental Studies Hybridoma Bank
(University of Iowa, Iowa City, IA). The anti-PAR1 WEDE
mouse antibody was from Beckman Coulter (Fullerton, CA).
The anti-PAR1 C5433 rabbit polyclonal antibody was previ-
ously described (10). Horseradish peroxidase (HRP)-conju-
gated secondary goat anti-mouse and goat anti-rabbit antibod-
ies were from Bio-Rad. Alexa Fluor® 488- and 594-conjugated
goat anti-mouse and anti-rabbit antibodies were obtained from
Invitrogen. De-lipidated fetal bovine serum was obtained from
Omega Scientific (Tarzana, CA).

¢DNAs and Cell Lines—A cDNA plasmid encoding an N-ter-
minal FLAG-tagged human PARI1 and tyrosine-based motif
mutants cloned into pBJ vector were previously described (10,
22). A PAR1 mutant in which cysteine (Cys) residues at posi-
tions 387 and 388 were mutated to alanines (Ala) was generated
by QuikChange site-directed mutagenesis (Agilent Technolo-
gies, Santa Clara, CA). A PAR1 wild type (WT) fused to yellow
fluorescent protein (YFP) cloned into pRK6 vector was gener-
ously provided by Dr. Jean-Philippe Pin (Montpellier Univer-
sity). The PAR1 CC/AA-YFP mutant was generated by
QuikChange site-directed mutagenesis. A plasmid encoding
pn2-adaptin with a C-terminal Renilla reniformis luciferase
(Rluc) cloned into pcDNA3 was generated using standard sub-
cloning techniques. All cDNA plasmids were subjected to dide-
oxy sequencing (Retrogen, San Diego, CA). HeLa cells stably
expressing FLAG-tagged PAR1 CC/AA mutant were generated
and maintained as previously described (22). Human umbilical
vein endothelial-derived EA.hy926 cells were maintained as
described (23).

Cell Transfections—HeLa cells were transiently transfected
with FLAG-PAR1 WT and mutants using Lipofectamine 2000
(Invitrogen), polyethyleneimine (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). HeLa cells were transiently transfected with nonspecific,
n2-adaptin, or 6-adaptin siRNAs using Oligofectamine (Invit-
rogen) or JetPrime according to the manufacturer’s instruc-
tions. The nonspecific siRNA 5'-CTACGTCCAGGAGCGC-
ACC-3' and p2 siRNA 5'-GTGGATGCCTTTCGGGTCA-3’
were synthesized by Thermo Scientific Dharmacon Inc. (Lafay-
ette, CO). The §-adaptin SMARTpool siRNAs were purchased
from Dharmacon Inc.

Immunoblotting—Equivalent amounts of cell lysates were
resolved by SDS-PAGE, transferred to membranes, and immu-
noblotted with appropriate antibodies.

PARI Palmitoylation—Palmitoylation of PAR1 was exam-
ined in EA.hy926 and HeLa cells. HeLa cells were seeded at
2.5 X 10 cells/well in 6-well plates and transfected with PAR1
WT or CC/AA mutant. EA.hy926 cells were seeded at 1.5 X 10°
cells per 10-cm” dish. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% de-lipidated
fetal bovine serum overnight and then incubated with 500
wCi/ml [*H]palmitic acid (PerkinElmer Life Sciences) for 3 hin
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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 sodium pyrophosphate supplemented
with protease inhibitors 100 wg/ml PMSF, 1 ug/ml leupeptin, 2
pg/ml aprotinin, 1 pug/ml pepstatin A, 10 ug/ml benzamidine,
and 1 pg/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%
isopropyl alcohol, 10% glacial acetic acid solution then incu-
bated for 30 min in NAMP100 (GE Healthcare) or fixed with a
10% glacial acetic acid, 30% methanol solution and then incu-
bated with En®Hance (PerkinElmer Life Sciences). Gels were
dried and exposed to Amersham Biosciences Hyperfilm (GE
Healthcare) with intensifying screens at —80 °C. Aliquots of
immunoprecipitates were also resolved by SDS-PAGE, trans-
ferred to membranes, and immunoblotted to detect PAR1
expression.

Immunofluorescence  Confocal Microscopy—HeLa 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, permeabi-
lized, and immunostained with anti-EEA1 or anti-LAMP1 anti-
bodies followed by species-specific secondary antibodies con-
jugated to Alexa Fluor® 488 or 594 and imaged by confocal
microscopy as described (17). 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 um
were collected using Intelligent Imaging Innovations Slidebook
4.2 Software (Denver, CO). The final composite images were
created using Adobe Illustrator 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 inten-
sity 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 (24).

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 (25, 26).
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
mwm 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 (25, 26). After 20 min the optical
density of an aliquot was measured at 405 nm using a Molecular
Devices SpectraMax Plus spectrophotometer (Sunnyvale, CA).

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% parafor-
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maldehyde for 5 min at 4 °C, incubated with anti-FLAG poly-
clonal 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 (27). Briefly, HeLa 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 mMm Ca>* at 37 °C. After internalization, cells were
fixed and processed as described above.

Phosphoinositide Hydrolysis—HeLa 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 wCi/ml myo-[*H]inositol (American
Radiolabeled Chemicals, St. Louis, MO) in inositol-free DMEM
overnight, washed, and stimulated with thrombin in the pres-
ence of 20 mMm LiCl for various times at 37 °C. The amounts of
accumulated [*H]inositol phosphates were measured as
described (6).

PARI 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 for various times and lysed in 2X
SDS sample buffer containing 125 mm Tris-HCl at pH 6.8, 20%
v/v glycerol, 10% w/v SDS, 0.02% w/v bromphenol blue. Cell
lysates were resolved by SDS-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 ng of u2-adap-
tin 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.), 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 fluores-
cence intensity of YFP was examined by excitation at 485 nm
and emission at 535 nm using a Berthold Tristar LB 941 micro-
plate reader (Berthold Technologies, GmbH and Co.). The
coelenterazine H (Biotium Inc.) 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 and 530 nm filters,
respectively. The BRET ratio was calculated as (emission at 530
nm)/(emission at 480 nm), and net BRET signal was deter-
mined by subtracting the background BRET, which is the BRET
ratio from cells expressing Rluc construct only. Total lumines-
cence was measured by integrating the signal for 1 s/well with-
out filter selection. Data were fitted with non-linear regression
using GraphPad Prism 4.0 software (GraphPad Inc., La Jolla,
CA).

PARI Biotinylation Assays—HeLa 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) 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 KCl, and 2 mm CaCl,, and cells
were either left on ice or warmed to 37 °C. To remove the biotin
label from the cell surface, cells were incubated with 50 mm
glutathione, 75 mm NaCl, 75 mMm NaOH, 1% BSA in PBS, pH 8.7,

VOLUME 288+NUMBER 22-MAY 31,2013



B  PAR1 C-tail
H.sapiens..3"3YASSECQRYVYSILEE
M.musculus..3"8YASSECQRHLYSI

R. norvegicus..380YASSECQKHLYSILCCR

C. longicaudatus..3"5YASSECQRTLYGILCCKESS3%..
P. hamadryas..373YASSECQRYVYSILC
M. mulatta..249YASSECQRYVYST

X. laevis..368YASSQCORYLYSLLCCR .

M. putorius furo..344YASSECQRYLCSILECRESS363, .
B. taurus..375YASSECQRHLFAILHCKESS3%4..

PAR1 Palmitoylation Regulates Trafficking

C S __ 08
2 E
g c
ég 0.6
i
o0
ek
5%
@ 4 0.2
- 0
& < [
& O0-TPAR1 PAR1 uT
WwT CC/AA HelLa
D IP: M2ant-FLAG  IgG
! CC/ cc/t ccr!
WT AA WT AA WT AA
- -+ o+
64
IB: anti-FLAG
50
36
Cell lysates
IB: anti-actin

lane: 1 2 3 4 5 6

FIGURE 1. PAR1 CC/AA mutant is expressed on the cell surface and glycosylated. A, shown is a Snake diagram of the human PAR1 C-tail starting from the
DPXXY motif. The cysteine site(s) of palmitoylation is highlighted in gray. Tyrosine-based sorting motifs are indicated with a dashed line and highlighted in gray.
B, sequence alignment of PAR1 C-tail sequences from nine different species is shown. The conserved cysteines are highlighted in gray. Superscripted numbers
indicate the position of amino acids. C, surface expression of FLAG-PAR1T WT or CC/AA mutant in Hela cells compared with untransfected (UT) cells was
quantified by ELISA. Data (mean = S.D.) are representative of three independent experiments. D, HeLa cells expressing FLAG-PART WT or CC/AA mutant were
immunoprecipitated (/P) with M2 anti-FLAG antibody or IgG control. Immunoprecipitates were treated with or without peptide N-glycosidase F (PNGase F) for
1 hat 37 °C, resolved by SDS-PAGE, and immunoblotted (/B) with rabbit polyclonal anti-FLAG antibody to detect PAR1. Glyco-PART indicates the fully glycosy-
lated PAR1, and deGlyco-PAR1 indicates the deglycosylated receptor after peptide N-glycosidase F treatment. The asterisk indicates a nonspecific band
detected by the anti-FLAG antibody. Cell lysates were immunoblotted for actin as a loading control.

for 10 min on ice, with gentle agitation, three times. Cells were
washed three more times with PBS, pH 7.4, before further incu-
bation at 37 °C. Cells were lysed in buffer containing 50 mm Tris
HCIL, 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 streptavi-
din-conjugated-agarose beads (Thermo Fisher) overnight at
4 °C and then washed 3 times with lysis buffer, eluted with 2
SDS sample buffer containing 0.2 M DTT, resolved by SDS-
PAGE, and immunoblotted to detect PAR1.

Data Analysis—The data were analyzed using GraphPad
Prism 4.0 software. Statistical analysis was determined by per-
forming one-way ANOVA and Dunnett’s post hoc test or two-
way ANOVA and the Bonferroni post hoc test.

RESULTS

Palmitoylation of PARI—PARI1 has not been shown to be
palmitoylated, although previous studies have predicted PAR1
palmitoylation to occur at C-tail cysteine residues near the sev-
enth transmembrane domain based on molecular modeling
comparisons with rhodopsin (Fig. 14) (28). 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 30 different PAR1 species (supplemental
Fig. S1). We identified two highly conserved cysteine residues at
positions 387 and 388 of the human protein; both were present
in 24 different species and could serve as potential sites for
palmitoylation (Fig. 1B and supplemental Fig. S1). To deter-
mine whether these sites are targeted for palmitoylation, a
PAR1 mutant was created in which Cys-387 and -388 were
converted to alanines and is designated PAR1 CC/AA. HeLa
cells stably expressing FLAG-tagged PAR1 WT and the CC/AA

MAY 31,2013 +VOLUME 288+-NUMBER 22

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. 1C). In addition, immunoprecipitated FLAG-PAR1 WT
and CC/AA mutant migrated as prominent species between
~64 and 98 kDa (Fig. 1D, lanes I and 2) and were not detected
in IgG immunoprecipitates (Fig. 1D, lanes 5 and 6). Incubation
of PAR1 WT and CC/AA mutant with the endoglycosidase
peptide N-glycosidase F (PNGase F) resulted in a size shift to
~36 kDa (Fig. 1D, lanes 3 and 4), consistent with the predicted
molecular mass of unmodified human PARI. These findings
suggest that the PAR1 CC/AA mutant is glycosylated and traf-
ficked to the cell surface similar to wild type receptor.

To determine whether PAR1 is modified by palmitoylation,
we directly measured [*H]palmitate incorporation during met-
abolic labeling. HeLa cells expressing FLAG-PAR1 WT or
CC/AA mutant labeled with [*H]palmitate were incubated in
the absence or presence of agonist peptide SFLLRN for various
times at 37 °C. Cells were lysed, and PAR1 was immunoprecipi-
tated, resolved by SDS-PAGE, and then subjected to fluorogra-
phy. In untreated control cells, wild type PAR1 labeled with
[*H]palmitate migrated as a major species between ~50 and 75
kDa (Fig. 24, lane 1), consistent with the fully glycosylated
PARI (Fig. 1D, lane 1). The amount of [*H]palmitate incorpo-
rated into PAR1 WT was unchanged after 3 or 10 min of agonist
stimulation compared with untreated control cells (Fig. 24,
lanes 1-3). In contrast to wild type receptor, the PAR1 CC/AA
mutant failed to incorporate [*H]palmitate under control or
agonist-stimulated conditions (Fig. 24, lanes 4 and 5). Endoge-
nous PAR1 expressed in human endothelial cells also exhibited
basal palmitoylation that was not substantially altered after
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FIGURE 2. PAR1 is posttranslationally modified by palmitoylation. A, HelLa
cells expressing FLAG-PAR1T 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 and processed, and PAR1 was immunoprecipi-
tated (/P) with M2 anti-FLAG antibody. Immunoprecipitates were resolved by
SDS-PAGE and processed for fluorography to detect [*H]palmitate or immu-
noblotted (IB) with polyclonal anti-FLAG antibody to detect receptor. Three
independent experiments were quantified, and the amount [*H]palmitate
incorporation, normalized to receptor in immunoprecipitates, was deter-
mined. The data shown (mean = S.D.; n = 3) are expressed as -fold wild type
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 nonspecific band. The
incorporation of [*H]palmitate was quantified, normalized to receptor in
immunoprecipitates, and is expressed as -fold increase over untreated 0 min
control.

incubation with agonist (Fig. 2B, lanes 1 and 2). These observa-
tions suggest that PAR1 is basally palmitoylated at C-tail Cys-
387 and -388 residues. However, the metabolic labeling condi-
tions employed in these assays cannot distinguish if PAR1 is
dynamically palmitoylated and de-palmitoylated at steady
state.

Palmitoylation-deficient PARI Mutant Signaling—To assess
the function of PAR1 palmitoylation, we first compared the
signaling properties of PAR1 WT versus CC/AA mutant. Acti-
vation of PARI is known to couple to phospholipase C-medi-
ated phosphoinositide hydrolysis, a response attributed mainly
to G, coupling (29, 30). HeLa cells expressing similar amounts
of PAR1 WT and CC/AA mutant on the cell surface (Fig. 34)
were labeled with myo-[*H]inositol and incubated with 10 nm
thrombin for various times at 37 °C, and [*H]inositol phos-
phates formed were quantified as previously described (7).
Thrombin-activation of PAR1 WT and CC/AA mutant
resulted in a similar initial rapid increase in phosphoinositide
hydrolysis followed by a slower sustained phase of [*H]inositol
phosphate generation after 20 min, and maximal [*H]inositol
phosphate accumulation was detected at 60 min (Fig. 34). No
change in [*H]inositol phosphate accumulation was detected in
pBJ vector-transfected cells treated with thrombin for 60 min
(Fig. 3A4), indicating that thrombin signaling is PAR1-depen-
dent. We next evaluated the coupling of PAR1 WT and CC/AA
mutant to G protein-stimulated signaling by examining the
concentration effect curve of thrombin-induced phosphoi-
nositide hydrolysis (Fig. 3B). HeLa cells expressing PAR1 WT
and CC/AA mutant labeled with myo-[*>H]inositol were treated
with varying concentrations of thrombin for 20 min at 37 °C,
and the generation of [*H]inositol phosphates was measured.
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FIGURE 3.Signaling by the palmitoylation-deficient PART mutant. A, Hela
cells transfected with FLAG-PART WT, CC/AA mutant, or pBJ vector were
labeled with myo-[*Hlinositol and stimulated with 10 nm a-thrombin for var-
ious times at 37 °C. The data (mean = S.D.; n = 3) represent the accumulation
of [*Hlinositol phosphates in counts per min (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-PAR1T WT or CC/AA mutant labeled with myo-[*HJinositol were treated
with varying concentrations a-thrombin for 20 min at 37°C. The data
(mean *+ S.D; n = 3) represent the accumulation of [*H]inositol phosphates
expressed as cpm. The EC,, values calculated for PART WT (1.29 X 10~ '° m)
versus CC/AA mutant (3.13 X 10 '° m) were statistically significantly different
(**, p < 0.01). Cell surface expression of PART WT and CC/AA mutant from the
same experiment was determined by ELISA (mean = S.D.;n = 3).

The effective concentration of thrombin needed to stimulate
half-maximal response (EC;,) for PAR1 WT versus CC/AA
mutant was significantly different (Fig. 3B), suggesting that
palmitoylation regulates receptor coupling to G-stimulated
signaling. These results are consistent with a previous report
that employed a PAR1 mutant containing Cys-387 and -388 to
serine (Ser) mutations (28), although palmitoylation of PAR1
was not examined in the study. Together these findings suggest
that although palmitoylation is not essential for PAR1 signal-
ing, it can modulate receptor-G protein coupling.
Palmitoylation-deficient PARI Mutant Displays Enhanced
Constitutive Internalization—The trafficking behavior of
palmitoylation-deficient PAR1 was examined to further char-
acterize the function of palmitoylation. To assess constitutive
internalization, FLAG-PAR1 WT and CC/AA mutant
expressed in HeLa cells were labeled with M1 anti-FLAG anti-
body 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 after
incubation for various times at 37 °C by ELISA as we previously
described (26). After a 30-min incubation, ~10% of PAR1 WT
was detected in an intracellular compartment (Fig. 44), which
is consistent with the extent of wild type receptor constitutive
internalization previously reported in these cells (26). In con-
trast, PAR1 CC/AA mutant exhibited enhanced constitutive
internalization with ~30% receptor accumulation measured at
30 min (Fig. 4A). However, agonist-induced PAR1 WT
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FIGURE 4. Palmitoylation-deficient PAR1 displays enhanced constitutive internalization. A, Hela 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 (Ab) 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 are the average
of three separate experiments performed in triplicate. Differences in constitutive internalization between PART WT and CC/AA mutant were significant (***,p <
0.001) as determined by two-way ANOVA and Bonferroni post-tests. B, HeLa cells stably expressing FLAG-PART WT or CC/AA mutant were incubated with 100
1M SFLLRN peptide agonist for various times 37 °C, and internalization was quantified as described above. Data shown (mean = S.D.; n = 3) are expressed as
a percentage of the initial receptor-bound M1 antibody and are representative of three individual experiments performed in triplicate. C, HeLa cells expressing
FLAG-PART 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. Colocalization of PAR1 (green) and EEAT1 (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 um.

and CC/AA mutant internalization was comparable (Fig. 4B).
Immunofluorescence confocal microscopy confirmed
enhanced constitutive internalization of the palmitoylation-de-
ficilent PAR]1 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, permea-
bilized, and co-stained for EEA1, a marker of early endosomes
(Fig. 4C). Both PAR1 WT and CC/AA mutant localized to the
cell surface at 0 min (Fig. 4C). However, after a 10-min incuba-
tion at 37 °C, a greater number of EEA1-positive puncta con-
taining PAR1 CC/AA mutant was evident compared with wild
type receptor (Fig. 4C), consistent with enhanced constitutive
internalization. The difference in PAR1 CC/AA mutant colo-
calization with EEA1 compared with wild type receptor was
verified by determining Pearson’s correlation coefficients (Fig.
4C). These results suggest that palmitoylation is important
for regulatory processes that control PAR1 constitutive
internalization.

AP-2 Mediates Constitutive Internalization of Palmitoyla-
tion-deficient PAR1I—To examine the function of AP-2 in con-
stitutive 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 hyper-
bolic increase in BRET was detected as the ratio of PAR1 WT-
YFP or CC/AA-YFP to u2-adaptin Rluc was increased, suggest-
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ing that receptor-u2-adaptin protein interaction is specific
(Fig. 5A). To evaluate the relative affinity of PAR1 WT versus
CC/AA mutant to AP-2, the BRET,, values were determined
and were not significantly different (Fig. 54). However, the
maximum BRET signal observed with PAR1 CC/AA-YFP and
pn2-adaptin Rluc was greater than that exhibited by PAR1 WT-
YFP and p2-adaptin Rluc. These data suggest that PAR1
CC/AA mutant binds to AP-2 with a similar affinity as wild type
PARI, but the interaction 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 wild type receptor
(10). HeLa cells expressing similar amounts of FLAG-PAR1
WT or CC/AA mutant on the cell surface were transiently
transfected with nonspecific siRNAs or siRNAs targeting the
w2-adaptin subunit, which disrupt AP-2 function. Cells trans-
fected with u2-adaptin subunit siRNA exhibited a marked
decrease in u2-adaptin expression compared with nonspecific
control-transfected cells (Fig. 5B). As expected, PAR1 WT con-
stitutive internalization was inhibited in cells lacking AP-2
expression compared with nonspecific siRNA-transfected con-
trol cells assessed after a 15-min incubation at 37 °C (Fig. 5C),
consistent with previous reports (10). PAR1 CC/AA mutant
exhibited enhanced constitutive internalization compared with
wild type receptor in control siRNA-transfected cells, which
was virtually ablated in AP-2-deficient cells (Fig. 5C). Immuno-
fluorescence confocal microscopy confirmed that AP-2 medi-
ates constitutive internalization of PAR1 WT or CC/AA
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FIGURE 5. AP-2 mediates enhanced constitutive internalization of palmi-
toylation-deficient PAR1. A, COS7 cells were co-transfected with a fixed
amount of u2-adaptin fused to Rluc, and varying amounts of PART 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 experi-
ments. The inset shows BRET, values for PART WT and CC/AA mutant. B, HelLa
cells expressing FLAG-PART WT or CC/AA mutant were transfected with
siRNA targeting the p2-adaptin subunit of AP-2 or nonspecific (ns) siRNA
control. Cell lysates were immunoblotted (/B) for n.2-adaptin expression, and
membranes were stripped and reprobed for actin. C, cells expressing FLAG-
PART 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) are expressed as a percentage of the initial receptor-bound M1
antibody and are representative of three separate experiments performed in
triplicate. PAR1T CC/AA mutant constitutive internalization in ns-siRNA versus
n2-siRNA-transfected cells was significantly different (***, p < 0.001) as deter-
mined by two-way ANOVA and Bonferroni post-tests. D, HeLa cells expressing
FLAG-PART WT or CC/AA mutant were prelabeled with polyclonal anti-FLAG
antibody and then incubated for 15 min at 37 °C. Cells were fixed, permeabi-
lized, and immunostained for PART and imaged by confocal microscopy.
Scale bar, 10 um.

mutant. HeLa 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 pro-
cessed for microscopy. In nonspecific siRNA-transfected cells,
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PAR1 WT and CC/AA mutant localized to endocytic vesicles
(Fig. 5D), whereas the receptors failed to internalize in cells
deficient in AP-2 expression (Fig. 5D). These findings suggest
that AP-2 regulates constitutive internalization of palmitoyla-
tion-deficient PARI.

Palmitoylation of PARI Regulates Proper Utilization of C-tail
YXX Motifs—The PAR1 C-tail domain contains two tyrosine-
based YXX© sorting motifs that conform to canonical AP-2
binding sites (Fig. 6A4) (11). We previously showed that the
pn2-adaptin subunit of AP-2 binds directly to the distal tyrosine
YKKL motif to mediate PAR1 constitutive internalization (10).
To further define the function of AP-2 in enhanced PAR1 con-
stitutive internalization, we generated receptor CC/AA vari-
ants harboring mutations in the proximal and distal tyrosine-
based motifs (Fig. 6A). HeLa cells expressing FLAG-PAR1 wild
type and mutants labeled with anti-FLAG antibody were incu-
bated 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 internal-
ization compared with wild type receptor as assessed by exam-
ining receptor-positive vesicles that colocalized with EEA1
using confocal microscopy (Fig. 6B). Enhanced PAR1 CC/AA
mutant constitutive internalization was confirmed by quantify-
ing the amount of receptor remaining at the cell surface by
ELISA (Fig. 6C). As expected, the PAR1 AKKAA mutant failed
to internalize (Fig. 6, D and E), consistent with a critical role for
the distal tyrosine motif in mediating AP-2 binding and consti-
tutive internalization of wild type receptor (10). Remarkably,
however, mutation of the distal tyrosine motif of the palmitoy-
lation-deficient PAR1 CC/AA mutant failed to inhibit consti-
tutive internalization (Fig. 6, D and E). 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. 7A). We next examined the
function of the PAR1 proximal tyrosine YSIL motif. Consistent
with previous findings (10), PAR1 ASIA mutant exhibited a
modest level of constitutive internalization that was compara-
ble with wild type receptor (Fig. 6, Fand G). In striking contrast,
however, the palmitoylation-deficient PAR1 CC/AA mutant in
which the proximal tyrosine motif was mutated to ASIA dis-
played impaired internalization (Fig. 6, F and G), suggesting
that the proximal motif is now critical for constitutive internal-
ization in the absence of palmitoylation. A small amount of
PAR1 CC/AA+ASIA constitutive internalization was detected
by immunofluorescence microscopy (Fig. 6F) but was com-
pletely abolished in AP-2-deficient cells (Fig. 7B). In addition,
constitutive internalization of PAR1 CC/AA + ASIA mutant
containing a defective distal motif AKKAA was virtually
ablated (Fig. 6, H and I). 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.

Palmitoylation-deficient PAR1 Mutant Exhibits Enhanced
Degradation—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 (16). Given the importance of PAR1 palmitoylation in
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dation in HeLa cells by quantifying the amount of receptor
remaining at various times after incubation with cyclohexi-
mide, a protein synthesis inhibitor. In contrast to wild type
receptor, the palmitoylation-deficient PAR1 mutant exhibited
an enhanced rate of degradation with ~75% of receptor
degraded at 180 min (Fig. 8, B and D) compared with ~25%
degradation of wild type receptor (Fig. 8, A and D). To assess the

]

FIGURE 7. AP-2 mediates constitutive internalization of PAR1
CC/AA+AKKAA and CC/AA+ASIA mutants. Hela cells were transfected
with either FLAG-PART CC/AA+AKKAA mutant (A) or PART CC/AA+ASIA
mutant (B) together with nonspecific (ns) siRNA or siRNA targeting the
n2-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.

regulating tyrosine-based motif accessibility, we examined its
function in PARI lysosomal degradation. We first compared
the basal rate of FLAG-PAR1 WT and CC/AA mutant degra-
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contribution of the proximal tyrosine-based motif, we exam-
ined the degradation rate of the PAR1 CC/AA + ASIA mutant.
Remarkably, mutation of the PAR1 CC/AA mutant proximal
tyrosine motif restored basal turnover of the receptor that was
comparable to wild type PAR1 (Fig. 8, Cand D). We next exam-
ined PAR1 WT and mutant colocalization with LAMP1 to con-
firm 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. 8, E-G).
However, the extent of PAR1 CC/AA mutant colocalization
with LAMP1 was greater compared with PAR1 WT and PAR1
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FIGURE 8. The palmitoylation-deficient PAR1 mutant exhibits enhanced degradation. A-C, Hela cells expressing FLAG-PART WT, CC/AA, or CC/AA+ASIA
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immunoblotted (IB) with polyclonal anti-FLAG antibody to detect PAR1 expression. Membranes were stripped and reprobed for actin. D, PAR1 WT and mutant
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difference in the amount of PART CC/AA versus PART CC/AA+ASIA remaining was statistically significant (t1, p < 0.05; t11, p < 0.001) as determined by
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CC/AA + ASIA mutant as determined by Pearson’s correlation  degradation rates of internalized receptors. In these experi-
coefficients (Fig. 8H). These findings suggest that palmitoyla- ments the surface cohort of PAR1 WT or CC/AA mutant was
tion regulates sorting of PAR1 from endosomes to lysosomes.  labeled with biotin at 4 °C and either left on ice or warmed to

We next determined whether the enhanced rate of palmitoy- 37 °C for 30 min to promote constitutive internalization. After
lation-deficient PAR1 mutant degradation resulted from PARI internalization, biotin remaining bound to the cell sur-
increased internalization or enhanced sorting of internalized face was removed, and cells were incubated for various times at
receptors from endosomes to lysosomes by directly examining 37 °C. Cells were then lysed, and the amount of internalized
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FIGURE 9. Intracellular palmitoylation-deficient PAR1 exhibits enhanced degradation. A, Hela cells transfected with FLAG-PART 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, and biotinylated proteins were isolated with
streptavidin-conjugated agarose, resolved by SDS-PAGE, and immunoblotted (/B) with polyclonal anti-FLAG antibody to detect PAR1. An aliquot of total cell
lysates was 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 PAR1T CC/AA mutant remaining compared with 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.

biotinylated PAR1 remaining was determined and represented
as the “intracellular cohort.” Both the surface cohort of PAR1
WT and CC/AA mutant exhibited substantial biotinylation,
indicated as 100% (Fig. 94, lanes 1 and 7), and subsequently
biotin was efficiently removed from the surface cohort with
glutathione, shown as 0% (Fig. 94, 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 recep-
tor and is shown as the 0-min time point (Fig. 94, lanes 3 and 9).
In contrast to wild type PARI, the internal pool of palmitoyla-
tion-deficient PAR1 CC/AA mutant displayed significant deg-
radation after further incubation at 37 °C for 30, 60, and 90 min
(Fig. 9, A and B, lanes 4-6 and 10-12). These data provide
further evidence that palmitoylation of PARI 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 8-subunit of the AP-3 complex or
nonspecific siRNA control and examined the rate of receptor
degradation by immunoblotting. The loss of 8-adaptin expres-
sion results in degradation of other AP-3 components and
disruption of AP-3 function (31). In nonspecific siRNA-
transfected cells, PAR1 wild type displayed a modest level of
basal turnover (Fig. 10, A and C, lanes 1-3) and was not signif-
icantly affected in cells deficient in 8-adaptin expression (Fig.
10, A and C, lanes 4—-6). In contrast, palmitoylation-deficient
PARI1 mutant displayed an enhanced rate of turnover that was
virtually abolished in cells lacking 8-adaptin expression (Fig. 10,
B 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.

DISCUSSION

In the present study we demonstrate an essential function for
palmitoylation in the proper regulation of PAR1 trafficking. We
show that PARI is basally palmitoylated at highly conserved
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cysteine residues present in the C-tail domain. A palmitoyla-
tion-deficient PAR1 mutant is fully glycosylated, expressed on
the cell surface, and competent to signal, indicating that palmi-
toylation is not required for biogenesis of a functional receptor.
However, 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-defi-
cient PAR1 mutant but through a different tyrosine motif com-
pared with wild type receptor (10). The intracellular cohort of
palmitoylation-deficient PAR1 also exhibited enhanced degra-
dation, a process that required an intact tyrosine motif and
AP-3. These findings suggest that palmitoylation of PAR1 is
critical for proper adaptor protein recognition of tyrosine-
based motifs and endocytic sorting. Thus, palmitoylation of
PARL1 is critical for retaining appropriate receptor cell surface
expression, which is essential for important biological pro-
cesses such as hemostasis and thrombosis (32) and embryonic
development (33, 34).

This study is the first to demonstrate palmitoylation of PAR1.
The first GPCR shown to be palmitoylated was rhodopsin. An
x-ray crystal structure of rhodopsin revealed the presence of
palmitoyl groups covalently linked to juxtamembrane C-tail
cysteine residues inserted into the lipid bilayer (21, 35). We
found that palmitoylation of PAR1 also occurs at highly con-
served Cys-387 and/or Cys-388 residues present in the C-tail
domain, as mutation of these sites abrogated [*H]palmitate
incorporation. In addition to PAR1, several other GPCRs are
palmitoylated at conserved juxtamembrane C-tail cysteines
including the related PAR2 (36, 37). However, not all GPCRs
are palmitoylated (38), 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 (39, 40). Palmitoylation is a dynamic and
reversible posttranslational modification that can be modu-
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FIGURE 10.Enhanced degradation of the palmitoylation-deficient PAR1 mutant is AP-3-dependent. A and B, HeLa cells were transfected with FLAG-PAR1
WT or CC/AA and either nonspecific (ns) siRNA or siRNA targeted against the 8-subunit of AP-3. Cells were incubated in the presence of 10 um cycloheximide
(CHX) for 90 or 180 min at 37 °C and lysed, and equivalent amounts of cell lysates were immunoblotted (/B) with polyclonal anti-FLAG antibody to detect PAR1.
Membranes were stripped and reprobed with anti-8-adaptin and anti-actin antibodies. Cand D, PART 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. PART CC/AA mutant
degradation was significantly attenuated in 5-siRNA-transfected cells compared with nonspecific siRNA-treated control cells (**, p < 0.01 and *, p < 0.05) as

determined by two-way ANOVA with a Bonferroni post-hoc test.

lated. Anincrease in palmitoylation of the 32-adrenergic recep-
tor (41) and other GPCRs (18) was observed after agonist stim-
ulation, indicating that receptor palmitoylation is a regulated
process. However, the thromboxane A2 receptor TP« isoform
(38) and the 5-HT1A serotonin receptor (42) appear to be
palmitoylated constitutively and not affected by agonist stimu-
lation. Although we failed to observe any change in [*H]palmi-
tate incorporation after agonist activation of PAR1 expressed in
HeLa cells or endogenous PAR1 expressed natively in endothe-
lial cells, we cannot exclude the possibility that PAR1 is modi-
fied dynamically by palmitoylation and de-palmitoylation at
steady state, as it would not be evident under the metabolic
labeling conditions employed in our studies.

Palmitoylation serves distinct functions for different recep-
tor types; however, the role of palmitoylation in regulation of
PART1 signaling or trafficking has not been previously investi-
gated. We found that palmitoylation of PAR1 is critical for reg-
ulating appropriate adaptor protein interaction with C-tail
tyrosine motifs and sorting through the endocytic pathway and
has a modest affect on receptor-G protein coupling. Tyrosine-
based motifs can function as signals for endocytosis or lyso-
somal sorting depending on their position relative to the
plasma membrane (11, 43). PAR1 contains two tyrosine-based
motifs within the C-tail domain that appear to have distinct
functions. The distal tyrosine motif is recognized by AP-2 and
mediates PAR1 constitutive internalization (6, 10). Intrigu-
ingly, however, in the absence of PAR1 palmitoylation, AP-2
mediates receptor constitutive internalization via the proximal
tyrosine motif rather than the distal motif. Similar to PARI, the
thromboxane A2 receptor TPf3 isoform harbors a C-tail YX;0
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motif that functions in constitutive internalization (44). Inter-
estingly, TP is constitutively palmitoylated at multiple C-tail
cysteine residues, yet the YX,;0 motif resides near the most
proximal palmitoylated cysteine (38). Perturbation of TPf3
palmitoylation by mutation of the distal cysteine residues
resulted in loss of constitutive internalization (38), 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 (45), and in some cases nearby cysteine residues
are known to be palmitoylated (46 —52). Thus, GPCR palmitoy-
lation may have a broad function in regulating adaptor protein
interaction with sorting signals and is likely to be important for
maintaining appropriate expression of receptors on the cell
surface.

AP-2 coordinates cargo recruitment and clathrin-coated pit
formation at the plasma membrane, whereas AP-3 functions
mainly at the sorting endosome to facilitate lysosomal transport
(11). In recent work we discovered that AP-3 regulated lyso-
somal degradation of activated PAR1 through interaction with
a C-tail proximal tyrosine motif YSIL at the sorting endosome
to facilitate degradation (16). In the present study we have
determined that AP-3-mediated lysosomal sorting of PARI is
regulated by palmitoylation. We found that palmitoylation-de-
ficient PAR1 mutant exhibits enhanced degradation that is
ablated in cells lacking AP-3. These findings suggest an impor-
tant function for palmitoylation of PAR1 in regulation of AP-3
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binding and sorting at endosomes. 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 vacu-
ole (53).

In addition to trafficking, PAR1 palmitoylation modulates
receptor-G protein coupling, a phenotype that was previously
observed with a PAR1 CC/SS mutant (28). Intriguingly, a small
molecule inhibitor JF5 blocked PAR1 activation of G, signaling
in platelets and thrombus formation iz vivo but had no affect on
G,, signaling in Madin-Darby canine kidney cells (54). The
inhibitory activity of JF5 required the PARI1 putative eighth
helix formed by palmitoylation and was not specific to PAR1, as
signaling by the chemokine CCR4 and serotonin 5-HT2,
receptors containing cysteine residues and a putative eighth
helix were similarly inhibited (54). Thus, palmitoylation of cer-
tain GPCRs appears to generate an intracytosolic interface that
can be targeted for therapeutic development. These findings
highlight the importance of identifying the machinery respon-
sible for GPCR palmitoylation as well as the function of palmi-
toylation for GPCRs deemed to be important targets for drug
development.

Our study provides the first molecular insight into the mech-
anism by which palmitoylation of a GPCR regulates adaptor
protein recognition of sorting signals. We propose that palmi-
toylation of PAR1 has an essential function that is important for
maintaining appropriate receptor surface expression by limit-
ing accessibility of AP-2 at the plasma membrane and AP-3 at
the sorting endosome. Given the critical role of PAR1 in hemo-
stasis, thrombosis, and embryonic development (34), we spec-
ulate that a major defect resulting in complete loss of palmitoy-
lation would be detrimental. However, it remains unclear if
PAR1 palmitoylation is dynamically regulated at subcellular
organelles and/or whether de-palmitoylation of PAR1 ever
occurs naturally.
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