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ABSTRACT. The thrombin receptor PAR1 becomes rapidly phosphorylated upon activation by either thrombin
or exogenous SFLLRN agonist peptide. Substitution of alanine for all serine and threonine residues in the
receptor’s cytoplasmic carboxyl-terminal tail ablated phosphorylation and yielded a receptor defective in
both shutoff and agonist-triggered internalization. These observations suggested that activation-dependent
phosphorylation of PAR1'’s cytoplasmic tail is required for both shutoff and agonist-triggered internalization.
To identify the phosphorylation site(s) that are necessary for these functions, we generated three mutant
receptors in which alanine was substituted for serine and threonine residues in the amino-terminal, middle,
and carboxyl-terminal thirds of PAR1’s cytoplasmic tail. When stably expressed in fibroblasts, all three
mutated receptors were rapidly phosphorylated in response to agonist, while a mutant in which all serines
and threonines in the cytoplasmic tail were converted to alanines was not. This result suggests that
phosphorylation can occur at multiple sites in PAR1’'s cytoplasmic tail. Alanine substitutions in the
N-terminal and C-terminal portions of the tail had no effect on either receptor shutoff or agonist-triggered
internalization. By contrast, alanine substitutions in the “middle” serine cluster betwe®&h et Set®®

yielded a receptor with considerably slower shutoff of signaling after thrombin activation than the wild
type. Surprisingly, this same mutant was indistinguishable from the wild type in agonist-triggered
internalization and degradation. Overexpression of G protein-coupled receptor kinase 2 (GRK2) and GRK3
“suppressed” the shutoff defect of the-SA (391—-406) mutant, consistent with this defect being due to
altered receptor phosphorylation. These results suggest that specific phosphorylation sites are required
for rapid receptor shutoff, but phosphorylation at multiple alternative sites is sufficient for agonist-triggered
internalization. The observation that internalization and acute shutoff were dissociated by mutation of
PAR1 suggests that there are quantitative or qualitative differences in the requirements or mechanisms
for these two processes.

Termination of signaling by G protein-coupled receptors a new amino-terminal sequence, SFLLRN. This new amino
(GPCRs) is critical in their biological function X). The terminus then serves as a tethered peptide agonist, binding
thrombin receptor protease-activated receptor 1 (PAR1), aintramolecularly to the body of the receptor to effect receptor
member of the GPCR family, provides an unusual op- activation. This irreversible activation mechanism contrasts
portunity to study receptor shutoff mechanisms given its with that of classical GPCRs, to which ligands can bind and

proteolytic mechanism of activatio@4). Thrombin binds  dissociate reversibly. Since PAR1’s ligand cannot diffuse
to and cleaves PAR1's amino-terminal exodomain to unmask away, cleaved receptors might be expected to signal indefi-

nitely. In fact, each receptor signals only briefl),(
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12). PAR1 is also rapidly phosphorylated upon activation
by thrombin or the agonist peptide SFLLRE, (L0). When
coexpressed with PAR1 iKenopusocytes, the G protein-
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Geneticin and screened by surface antibody binding of the
M1 antibody directed against the FLAG epitope (Kodag) (
All functional studies with mutant receptors were reproduced

coupled receptor kinase GRKS3 significantly attenuated using cell lines representing two independent clones.

thrombin receptor signalingl(). Alanine substitution for

Transient transfections of COS7 cells were performed as

all threonine and serine residues within PAR1’s cytoplasmic described previously7j. cDNAs encoding GRK2 and GRK3
tail resulted in a receptor that was insensitive to inhibition were a generous gift from R. Lefkowitz (Duke University,
by GRK3, as did truncation of the receptor’'s cytoplasmic Durham, NC) and were subcloned into the pBJ mammalian
tail. These two mutated receptors were not phosphorylatedexpression vector.
upon activation and signaled more robustly than wild-type = Measurement of the kel of Cell Surface Expression
receptor (refs7 and13 and data not shown). Both mutants PAR1 on the surface of fibroblasts was detected by cell
were also defective in agonist-triggered internalization ( surface ELISA 7). Briefly, cells were incubated at room
These data suggest that receptor phosphorylation plays a roleemperature in DMEM supplemented with 1 mg/mL BSA
in termination of PARL signaling but do not address the and 20 mM Hepes (DME/BSA/H) in the presence or absence
relative roles of trafficking versus phosphorylation-mediated of 10 nM o-thrombin (Enzyme Research Laboratories) or
uncoupling or other mechanisms in PAR1 shutoff. 100uM SFLLRN agonist peptide. Cells were fixed at various

To identify the phosphorylation sites required for PAR1 time points with 4% PFA in PBS for 5 min at 2%C,
shutoff and/or agonist-triggered internalization, we generated followed by two rinses with PBS alone. Cells were then
mutant receptors in which alanine was substituted for serineincubated at 23C with antibodies directed against the amino
and threonine residues in the N-terminal, middle, and terminus of the receptor in DME/BSA/H. Receptors were
C-terminal thirds of PAR1’s cytoplasmic tail. Shutoff and detected using either the mouse monoclonal M1 anti-FLAG
internalization of N- and C-terminal substitution mutations antibody (Kodak) or the 6828 rabbit anti-human PAR1
were indistinguishable from those of the wild type. Surpris- antibody. This rabbit antiserum was raised to the peptide
ingly, alanine substitution for the middle group of serines NATLDPRSFLLRNPNDKYEPFWEDEEGC and recognizes
yielded a receptor that was relatively defective in shutoff both uncleaved and thrombin-cleaved receptors. After 1 h
but indistinguishable from the wild type in terms of agonist- With the primary antibody, cells were washed twice with PBS
triggered receptor internalization and degradation. Theseand incubated for 30 min at 25C with either HRP-
results suggest that specific phosphorylation sites are requirecconjugated goat anti-mouse or goat anti-rabbit antibodies
for rapid receptor shutoff but multiple alternative sites can (Bio-Rad) in DME/BSA/H. Cells were again washed twice
be sufficient for agonist-triggered internalization. In addition, With PBS and then incubated in One Step ABTS solution
these results suggest that the rapid shutoff of PAR1 signaling(Pierce) for 10 min. Finally, the absorbance of the supernatant
can be dissociated from PAR1 internalization. was measured at a wavelength of 405 nm using a Molecular
Devices microplate spectrophotometer. Specific modifica-
tions in this assay are described in the figure legends.

Phosphoinositide Hydrolysis Assayhe accumulation of
[®H]inositol phosphates in response to various agonists was
assessed as described previoudby 13). Briefly, cells
expressing the various recombinant PAR1s were incubated
overnight with PHJinositol (Dupont NEN), washed, and
treated with or without agonist as described in the figure
legends. Lithium chloride (20 mM) was added to block the
metabolism of {H]inositol phosphates. Cells were lysed, and
total PHJinositol phosphates were quantitateby

Receptor Phosphorylatiof?hosphorylation of the recom-
binant receptors was examined as described previoli§)y (
Briefly, cells were plated in six-well dishes (Falcon) and
labeled fo 3 h at 37 °C with 250 uCi/mL of [3%P]-

MATERIALS AND METHODS

Plasmid ConstructionAll mutated PAR1s were derived
from the human PARL1 bearing a FLAG epitope at its amino
terminus B, 14). Mutations were introduced using the Kunkel
method of site-directed mutagenesis) The oligonucle-
otide used for S~ A (375—392) mutation was'sGCTGT-
TATAAGCGGCGGGATCGGCAGCTTCTTTGCAGCA-
TAAGATAGCATAGACGACCTCTGGCACTCAGCGGCA-
GCGTAATAG-3. The oligonucleotide used for S~ A
(391-406) mutation was 'STACTAGAGCATGTATC-
CATTTAGCTGCCATCAACTGCCCAGCGGCGTTATAA-
GCGGCGGGATCGGCAGCTTCTTTGCAG-3The oligo-
nucleotide used for S//~ A (410—425) mutation was
5'-GTGGTGCTAAGCCAACAGCTTTTTGTATATGG-  orthophosphate (Dupont NEN) in phosphate-free DMEM.
CGTTATTCAGGTTAGCAGCGCAGGCATCCATTTT. Mu-  Cells were then washed and incubated with agonist as
tations were confirmed by dideoxy sequencing (dRhodamine gescribed in the figure legends. Cells were lysed in 1% Triton
Terminator Cycle Sequencing Ready Reaction Kit, ABl x.100, 50 mM Tris-HCI (pH 7.4), 100 mM NaCl, 5 mM
Prism). cDNAs encoding the wild-type and mutated receptors EDTA, 50 mM NaF, 20 mM sodium pyrophosphate, 200
were subcloned into the mammalian expression vector pBJ ;M sodium vanadate, 1 mM PMSF,dg/mL leupeptin, 2
(pI’OVided by M. DaViS, Stanford UniVerSity, Palo AItO, CA) ‘ug/mL aprotinin, ]_'ug/mL STL 1Mg/m|_ pepstatin A, Jug/

Cell Culture and Cell LinesRatl fibroblasts were cultured  uL benzamidine, and 10 nM okadaic acid. All chemicals
in complete medium (CM), which consisted of DMEM H-16, were from Sigma Chemical, except for the okadaic acid
3 g/L glucose, 0.584 g/l.-glutamine, 0.11 g/L sodium (BRL). The M2 antibody (Kodak) was used to immuno-
pyruvate, and 3.7 g/L NaHCQsupplemented with 10%  precipitate receptors. Precipitates were resuspendec in 2
BCS, 100 units/mL penicillin, 10@g/mL streptomycin, and  SDS gel loading buffer [100 mM Tris-HCI (pH 6.8), 4%
2.5ug/mL Fungizone. Ratl fibroblasts were contransfected SDS, 0.2% bromophenol blue, and 20% glycerol], and
with a plasmid encoding the neomycin resistance gene asreceptors were resolved on a 10% polyacrylamide gel and
described previously, and stable cell lines were selected inanalyzed by autoradiography.
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S/T->A (410-425) FiIGurRe 2: Agonist-induced phosphorylation of wild-type and

. . . mutated PARL1YA) Receptor phosphorylation. Ratl cells express-
Ficure 1: PAR1 phosphorylation site mutants. Parallel dashed lines ing the indicated receptors were labeled wit#PJorthophosphate
represent the plasma membrane. Extracellular sequences of PARY, 3 1y at 37°C. To have fibroblasts expressing amounts of the
are shown above the plasma membrane. The N-terminal FLAG g1 — A (375-425) mutant equivalent to wild-type PAR1-

epitope, thrombin cleavage site, and SFLLRN tethered ligand gypressing cells, a previously made cell line expressing-S/&
sequence are denoted. Intracellular domains are shown below th375_425) containing proline in place of the S2residue located
plasma membrane. A putative palmitoylation site at C387 is shown i, the amino-terminal exodomain was uséd 10). This mutated

as a wavy line. The amino acid sequence of PAR1's cytoplasmic receptor is no longer activated by thrombin but still responds to
C-terminal tail is indicated in single-letter code. Serine and threonine g | RN agonist peptide; it can be stably expressed at higher levels

residues, potential targets for phosphorylation, are bold and yyan 57— A (375-425) lacking the cleavage site mutation. Cells
numbered, and alanine substitution mutants are denoted. The mutanfare then treated for 5 min at 3T with either DMEM alone £)

receptor designated-S A (375-392) had alanine substituted for 4. 100,,M SELLRN agonist peptide in DMEM). The medium
serines 375, 376, 384, 391, and 392--3 (391-406) had alanine a5 removed:; cells were rinsed once with PBS and then lysed.

substituted for serines 391, 392, 395, 396, 399, 400, and 406. S/TReceptors were immunoprecipitated with M2 antibody directed
— A (410-425) had alanine substituted for threonines 410 and against an N-terminal FLAG epitope. Immunoprecipitates were
425, as well as serines 412, 413, and 418. S/ (375-425) analyzed by SDSPAGE and autoradiography. Phosphorylated
(not shown) contained alanines in place of all of the serines and paR1 was detected as a band at approximately8tskDa (arrow).

threonines in the cytoplasmic tail. (B) Immunoblot of the samples represented in panel A. Equal

. i . volumes of the immunoprecipitates used in the experiments whose
ImmunoblottingWestern blot analysis of both precipitated  results are depicted in panel A were analyzed by immunoblot using
receptors and whole cell extracts was performed as describedabbit anti-human PAR1 antibody. Note that receptor protein was

previously ¥, 17). Samples were resolved by electrophoresis detected in all immunoprecipitates save the untransfected Rat1 cell

on a 10% polyacrylamide gel. Protein was then transferred negative control. These results were replicated in two separate
. . experiments.

to nitrocelluose membranes (Bio-Rad). Membranes were P

blocked with 5% nonfat dry milk in 50 mM Tris-HCI (pH  4janines in place of all serine and threonine residues within
7.4), 100 mM NaCl, and 0.1% Tween-20 (TBST) for 1 h, e cytoplasmic tailg, 10), called S/T— A (375—425), was
incubated wlth.the rabbit anti-human PAR1 antlpody for_ 2 also used in many of the following experiments.
h (1:2000 dilution of se.rum), and Washe_d fo_ur times with Phosphorylation of the wild-type and mutated thrombin
TBST. Blots were then incubatedrfa h with either HRP- — rocentors after exposure to agonist was examined. Stable cell
conjugated goat anti-mouse antibody (1:10000, Bio-Rad) o jines expressing wild-type PAR1 or one of the four mutated
0.54Ci/mL of [**4]protein A (Amersham). Blots were again - paR1s were labeled wittf3P]orthophosphate followed by
washed four times with TBST. Blots exposed t0 HRP- i,cypation with or without the SFLLRN peptide agonist for
conjugated antibody were treated with ECL to visualizeé 5 min. Thrombin receptors were precipitated with the M2
receptors, while blots incubated with the radiolabeled protein antibody, which recognizes a FLAG epitope engineered into
A were analyzed by autoradiography. the N-terminus of the recombinant PARE.(As expected,
RESULTS wild-type PAR1 was rapidly phosphorylated upon activation
by SFLLRN, while phosphorylation of S/~ A (375—425)
Phosphorylation of Recombinant Thrombin Recepfbos.  could not be detected (Figure 2A)-S A (375-392), S—
determine which phosphorylation targets within PAR1’s A (391-406), and S— A (410—425) receptors were also
cytoplasmic tail were important for receptor shutoff and phosphorylated in the presence of agonist peptide (Figure
trafficking, groups of serine and threonine residues were 2A). Western blots of these precipitated receptors using a
changed to alanines (Figure 1). Three mutant receptorsrabbit anti-PAR1 polyclonal antibody confirmed that receptor
containing groups of alanines in place of serine or threonine protein was indeed immunoprecipitated in all cases (Figure
residues were generated. They were-SA (375—392), 2B). At face value, these results confirm that PARL1's
which contains alanines in place of serine residues 375, 376,phosphorylation sites are located in the receptor’s carboxyl
384, 391, and 392, S> A (391-406), which contains tail and suggest that multiple serines and/or threonines in
alanines at serine residues 391, 392, 395, 396, 399, 400, andlistinct regions of the tail can be phosphorylated.
406, and S/T— A (410-425), which contains alanine Mapping of Phosphorylation Targets That Are Important
substitutions for threonines 410 and 425 and serines 412 for PAR1 ShutoffSignaling and shutoff of PAR1 were
413, and 418. A previously constructed mutant containing examined by measuring the level of phosphoinositide hy-
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drolysis in Ratl cells that had been stably transfected with L! 50 ThromomiLi I
cDNA encoding wild-type PAR1 or one of the serine/ 50 Thrombin Pretreatment
threonine to alanine mutant receptors. Cells that had been
labeled overnight with3H]myoinositol were pretreated for

1 h with 10 nM thrombin in the absence of lithium chloride
(LiCl). Under these conditions, phosphoinositides are hy-
drolyzed, but the resultant inositol phosphates are rapidly
degraded. After this incubation, cells were washed and any
remaining bound thrombin was blocked with hirudin. LiCl
was then added such that ongoing phosphatidylinositol
hydrolysis could be detected as accumulatiorfifipositol
phosphates. As expected, little accumulation of inositol
phosphates in the presence of LiCl was detected after wr S-A (375-392)  S->A (391-406)  S/T->A (410-425)
thrombin removal in fibroblasts expressing wild-type recep- Receptor

tors (Figure 3A); thus, signaling by wild-type receptors had
largely shut off under these conditions. Signaling in cells
expressing mutant receptors with serine/threonine to alanine
substitutions in the N-terminal [S~ A (375—392)] or
C-terminal [S/T— A (410—-425)] portions of the tail shut

off like signaling in cells expressing wild-type receptors. In
contrast, cells expressing the mutant receptor with serine to
alanine substitutions in the middle of the C-terminal tail [S
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— A (391-406)] exhibited persistent signaling after removal
of thrombin, releasing®H]inositol phosphates at a rate that 0.2
was nearly 70% of that measured when the same cells were o , , i , . . |
simply exposed to thrombin and LiCl simultaneously (Figure o 20 40 60 80 100 120 140
3A). These results indicate that the cluster of seven serines Time (minutes)

in the middle of the cytoplasmic tail [S> A (391—-406)] FiGure 3: Shutoff of signaling by wild-type PAR1 and phosphor-
appears to be necessary for efficient shutoff of signaling, ylation site mutants(A) Ratl fibroblasts expressing either wild-

: ; : ; ; type PAR1, S— A (375—392), S— A (391-406), or S/T— A
while other potential phosphorylation sites between reS|dues(410_425) were tested for persistent signaling after incubation with

375 and 392 and between residues 410 and 425 in thethyombin and its subsequent removal. Cells were labeled overnight
carboxyl-terminal tail are not necessary for this function.  with [3H]myoinositol and then pretreatedrfd h at 37°C in DME/
We next compared the kinetics of shutoff of-SA (391— BSA/H containing 10 nM thrombin in the absence of lithium

i _ chloride (LiCl). Thrombin was removed; cells were washed three
406), wild-type PAR1, and S/ A (375—425), the mutant times with DME/BSA/H and then incubated for an additional 60

containing al_anine_ substitutions for aII_ of _the serine and in at 37°C in DME/BSA/H containing 20 mM LiCl and 0.5 unit/
threonine residues in PARL'’s cytoplasmic tail. Cells express- mL hirudin, a thrombin inhibitor. The levels of accumulatéd]e

ing each of these receptors were treated with thrombin for inositol phosphates were then measured (white bars). Results were
various lengths of time in the absence of LiCl. Thrombin normalized to the value obtained when each cell line was treated

; ; ; 1 with 10 nM thrombin and 20 mM LiCl simultaneously for 60 min
was then removed, LiCl added, and any ongoing inositol t 37°C (black bars). (B) Kinetics of shutoff of signaling in Ratl

phosphate accumulation assessed (Figure 3B). As expectetyg|is expressing wild-type PARBY, S— A (391-406) @), or

signaling was rapidly attenuated in cells expressing wild- S/T— A (375-425) @) were examined as described above except
type PARL1. Within 30 min, the level of inositol phosphate that cells were pretreated with 10 nM thrombin for the indicated
accumulation had decreased by 80%. By contrast, cellstimes, then washed, and incubated for 60 min with LiCl and 0.5

: . : ; unit/mL hirudin. Note that the S/ A (375—425) mutant in this
expressing S/T~ A (375-425) continued to signal robustly experiment contained a wild-type N-terminal exodomain and was

after re_moval of thrombin, even afte2 h of previous capable of being activated in response to both thrombin and
thrombin treatment. Of note, S/~ A (375—425) was SFLLRN agonist peptide. Results for each cell line were again

defective in both agonist-triggered phosphorylation (Figure normalized to the quantity ofifi]inositol phosphates measured
2A) and agonist-induced internalization and degradain ( when cells were incubated for 60 min at 32 with both thrombin

- . - . . and LiCl. For cells expressing wild-type PAR1 and-SA (391—
thus, this mutant was not informative regarding the relative 406), thrombin and LiCl triggered a 10-fold increase in the level

contributions of acute phosphorylation-dependent uncoupling of inositol phosphate accumulation over that with LiCl alone. For
versus receptor internalization or “downregulation” to ter- cells expressing S/T- A (375-425) a 15-fold increase was
mination of signaling. Cells expressing-S A (391—406) observed, and for cells expressing-SA (375-392) and S/T—~
exhibited an intermediate phenotype. After 30 min of A (410-425), a 4-fold increase was seen. The level of surface
hrombin exposure, persistent signaling by-SA (391— expression of wild-type PAR1 was approximately 15 times the
t p » PErsistent signaling background (nonspecific binding of antibody to untransfected Rat1
406)-expressing cells was indistinguishable from that of cells cells), approximately twice that of-S A (391—406), approximately
expressing S/T— A (375—425); however, by 120 min, 4 times that of S~ A (375-392) and S/T— A (410—425), and

signaling had declined toward wild-type levels. One explana- %pp;%Xi:“Gg\ehr’}g tEi;maerS tt?lat r?]fsa’ ﬁAS é3D7 5n—42§>)- _ﬁ: datxa dfreilr)rilCtr?td
tion for this relative defect in overall shutoff in cells " B3 ;e?fornied theag fimon oot simi(lar regults.ee periments
expressing S~ A (391-406) might be a defect in acute

phosphorylation-dependent uncoupling but relatively normal requirements for shutoff might be distinct from those for
downregulation by internalization and trafficking to lyso- agonist-triggered internalization, we next examined inter-
somes. To determine whether the phosphorylation site nalization of wild-type and mutant receptors.
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Internalization of Wild-Type PAR1 and Phosphorylation 4. Untroated
Site MutantsRatl fibroblasts stably expressing wild-type 1.2 E

PAR1, S— A (375-392), S— A (391—-406), or S/T— A
(410-425) were treated with thrombin for 1 h, and the
amount of receptor remaining on the cell surface was
measured using a rabbit polyclonal antibody directed against
the hirudin-like domain of PAR1 (Figure 4A). Receptors
were completely cleaved within 5 min of thrombin addition
as demonstrated by the loss of the FLAG epitope from the
cell surface (data not shown). Aft& h in thepresence of

10 nM thrombin, the level of surface expression of wild-
type PAR1 decreased to approximately half of that seen on
untreated cells. Such a decrease in the level of cell surface Receptor
PAR1 has been shown to correlate with the extent of receptor B- .
internalization and does not reflect an altered ability to bind '
antibody after activation1@®) (see below). Thrombin treat- 1
ment of cells expressing any one of the three serine/threonine
to alanine mutants resulted in a similar decrease in the level
of cell surface expression. Taken together, these data suggest
that phosphorylation at several locations within PAR1’s
cytoplasmic tail is sufficient for mediating agonist-dependent
internalization.

Comparison of Wild-Type PAR1 and-S A (391-406)
Trafficking Since the serines between 391 and 406 appeared
to be essential for rapid shutoff of PAR1 signaling but not 0 zo
for agonist-induced internalization, we compared the traf- ¢
ficking properties of S~ A (391—406) with those of wild- T
type PAR1 in more detail. Thrombin-induced receptor
internalization was examined by treating wild-type PAR1-
or S— A (391—-406)-expressing cells for various times with
10 nM thrombin and then measuring the extent of binding
of receptor antibody to the cell surface. At all the times that
were examined, the thrombin-induced decrease in surface
levels of S— A (391—-406) was at least as robust as that of
the wild-type receptor (Figure 4B and data not shown) over
time courses relevant to the phosphoinositide hydrolysis \ , , , , , , 1
studies. Moreover, experiments in which thrombin-triggered 0 20 40 60 80 100 120 140
decreases in surface receptors were examined revealed Time (minutes)
similar rates for wild-type PAR1 and S A (391—-406), Ficure4: Agonist-induced internalization of wild-type and mutated
with approximately half of the total amount of internalization PAR1s (A) Cells expressing the indicated receptors were treated

: o ! P with either medium alone or medium and 10 nM thrombin for 60
occurring within 5 min for both (data not shown). Similar " 5 22~ " calis were then fixed for 5 min in PBS and 4%

results were obtained when the exogenous agonist peptide,araformaldehyde, washed, and then incubated with rabbit anti-
SFLLRN was used to trigger internalization (not shown), human PAR1 antibody. The amount of bound antibody was
suggesting that the decreased level of binding of anti-PAR1 measured as an index of receptor remaining on the cell surface as
antibody was not simply due to a change in its ability to described in Materials and Methods. The amount of receptor

- . . _detected on the cell surface after thrombin treatment (white bars)
bind to cleaved receptors. As an alternative to MEasUrNgyas normalized to the amount of surface expression seen in

the net decrease in the level of surface expression of receptorgintreated cells (black bars). (B) Kinetics of thrombin-induced
(which might reflect both internalization and recycling or reduction of wild-type PAR1@®) and S— A (391-406) @) on
synthesis), we also measured the level of SFLLRN-triggered the cell surface. Cells were exposed to 10 nM thrombin for the

internalization of the surface cohort of receptors (Figure 4C). g‘fp‘)fg;i?or?evcggsm‘gagmg dagg tdheesr::r}cg(ee(;j;attt]C)evé?V(eCll)OfKiilégggeof

Again, agonist-triggered internalizatiqn c_)f—_SA (391_406) agonist-dependent internalization. Cells expressing wild-type PAR1
and that of wild-type receptors were indistinguishable. Thus, (@) and S— A (391—-406) @) were labeled with M1 antibody at
serines between residues 391 and 406 are not necessary fat°C, washed, and then incubated at’&7for the indicated periods

agonist-triggered receptor internalization over the time courseof time in the presence or absence of 100 mM SFLLRN. Cells
that was tested. were fixed at the indicated times, and the receptor-bound antibody

. remaining on the cell surface was quantitated as described above.
We recently demonstrated that lysosomal degradation of The Jevel of cell surface expression of wild-type PAR1 was twice
activated PARL after its internalization is critical for prevent- that of S— A (391—-406) and 10-fold above background. The

ing persistent signaling after thrombin activation. Indeed, a background si_gnal seen with untransfected Ratl cells was subtracted
PAR1-Substance P receptor chimera that recycled after from each point. Data shown are the meanSD (n = 3). These
internalization signaled indefinitely after thrombin cleavage experiments were performed three times with similar results.

(8). Interestingly, mutations of serines in the carboxyl tail efficient recycling of this receptor to the cell surfade)

of the V2 vasopressin receptor were reported to promote To test the possibility that the persistent signaling seen with
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Ficure 5: Thrombin-induced degradation of wild-type PAR1 and o 20 40 60 80 100 120 140
S— A (391—406) receptors. Ratl fibroblasts expressing either wild-
type PARL (WT) or S~ A (391-406) were treated for 0, 1, or 2

h with 10 nM thrombin in DME/BSA/H and 10M cyclohexamide B 12
at 37°C. Cells were lysed in 2 sample buffer as described in :
Materials and Methods and resolved by SEFAGE (10% gel). — A (301.406)
Proteins were transferred to nitrocellulose, and protein was detected i
using the rabbit anti-human PAR1 antibody followed B¥lJprotein

A and autoradiography. PAR1 migrates as a band at approximately
75—80 kDa. The level of expression of wild-type receptors on
untreated cells is approximately twice that ofSA (391-406).

This experiment was reproduced twice with similar results.

Surface Expression
(relative to untreated cells)

Time (minutes)

Surface Expression
(relative to untreated cells)
(=]

-]

T

S — A (391-406) might be due to a gain of recycling
function and less efficient degradation of activated receptors, .
we compared degradation and recycling of wild-type and S 0 20 40 s0 80 100 120 140
— A (391-406). Western blot analysis of cycloheximide- Time (minutes)

treated Ratl cells expressing wild-type PAR1 revealed a FIGURE6: Agonist-independent and -dependent trafficking of wild-
time-dependent decrease in the level of receptor protein afterlyP¢ PARL and S~ A (391-406) Cells expressing either wild-

. . . type PAR1 @) or S— A (391-406 were incubated at 4C
thrombin treatment, reflecting lysosomal degradation of %E(SO min in'n)1edium congaining p.g/)m_L)Ml anti-FLAG antibody.

internalized receptors (Figure 5). The decrease in the levelgxcess antibody was washed away (time zero); cells were warmed
of S— A (391-406) after thrombin treatment was similar to 37 °C, and then samples were incubated in the absence (A) or

to that of wild-type PARL (Figure 5), suggesting that this BEErCEld) e antibody was removed using EDTA. (62
m'utant is sorted to Iysosomes after internalization .“ke the min), and cells were incubated for an additional 60 min in medium
wild type. To determine whether-S A (391-406) gained  zjone at 37C. The reappearance of antibody on the cell surface,
some increased ability to recycle after activation (thus a reflection of receptor recyclingl{), was assessed at this time
prolonging signaling), we compared recycling of the inter- (120 min). Previous work has demonstrated that the M1 antibody
nalized wild type and S~ A (391—406). M1 antibody was does not significantly dissociate from the receptor under these

-~ . conditions {) (data not shown). The amount of surface receptor-
bound to receptor-expressing cells &G Cells were then bound antibody was measured at the indicated times by fixing the

washed, warmed to 37C, and incubated fol h in the ~ cejis, incubating with HRP-conjugated goat anti-mouse IgG, and
presence or absence of SFLLRN. At this time, antibody developing with ABTS solution as described in Materials and

remaining on the cell surface was removed by washing with Methods. The level of surface expression was expressed as a fraction
calcium-free PBS containing 0.04% EDTA. Cells were then Of thatin untreated cells. Data shown are the meai@D (n = 3).

. o . This experiment was replicated three times with similar results.
incubated fo 1 h at 37°C, and the return of antibody Note that despite substantial agonist-triggered internalization of both

receptor complexes to the cell surface was assessed. USingAR1 and S— A (391-406) (A vs B; 60 min), no increase in the
this assay, we were able to detect robust recycling of level of recovery of internalized antibody is seen (A vs B; 120

Substance P receptors that had undergone agonist_triggereﬂ'lin), suggesting that little recycling of activated receptors occurred.
internalization; by contrast, PAR1 exhibited little recycling ] ] ] )
despite substantial receptor internalization, consistent with remained low at approximately 20%, consistent with the
internalized PAR1’s sorting predominantly to lysosondgg.( ~ majority of activated receptors being sorted to lysosomes
Both wild-type PAR1 and S— A (391-406) behaved  (Figure 6B). The lack of a detectable difference between
identically in the presence or absence of agonist peptideWild-type PARL and S~ A (391—406) in this assay taken
(Figure 6). In the absence of agonist, the level of surface- together with their similar rates of degradation (Figure 5)
bound antibody decreased by-2B0% in 1 h (Figure 6A), ~ SUggests that S- A (391-406) is sorted to lysosomes such
consistent with tonic agonist-independent internalization of as Wild-type PAR1 and has not gained any significant ability
receptors®, 7). After removal of cell surface antibody with 0 (ecycle to the cell surface after agonist-triggered inter-
EDTA and incubation for an additional 1 h, approximately nalization.

20% of the original surface cohort of recept@ntibody Comparison of the Effects of GRK2 and GRK3 on Wild-
complexes returned to the cell surface, also consistent withType PAR1 and S— A (391-406) Signaling When
tonic cycling of unactivated receptors, (7). Treatment of coexpressed with PAR1 iKenopusoocytes, the G protein-
both cell lines with agonist resulted in the internalization of coupled receptor kinase GRK3 significantly attenuated PAR1
approximately 80% of cell surface-bound antibody within 1 signaling (L0). Alanine substitution for all threonine and

h (Figure 6B). The extent of recovery of antibetieceptor serine residues within PAR1’s cytoplasmic tail resulted in a
complexes on the cell surfad h after stripping with EDTA  receptor that was insensitive to inhibition by GRK3. These
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FiGurRe 7: Attenuation of signaling of wild-type and mutated
PAR1s by GRK2 and GRK3(A) COS cells were cotransfected
with PAR1 expression plasmids and plasmid without insert (black
bars) or expression vector for GRK2 (white bars) or GRK3 (hatched
bars). After 36 h, cells were labeled overnight witdJmyoinositol

and treated with 10 nM thrombin and LiCl for 45 min at 3C.
Accumulated HJinositol phosphates were then measured and

Hammes et al.

actions such as inhibition of £zmediated signaling?Q, 21).
GRK2 overexpression exhibited no such inhibition of signal-
ing by S/IT— A (375—-425), consistent with its acting by
promoting receptor phosphorylation. Coexpression of either
GRK2 or GRK3 with S— A (391—-406) resulted in an
attenuation of thrombin-mediated signaling that was virtually
identical to that seen with wild-type PAR1.

Since GRK2 attenuated signaling by wild-type PAR1 and
S— A (391-406), but had no effect of signaling by S+
A (375—-425), we more closely examined the effect of GRK2
on shutoff of PAR1. COS?7 cells expressing wild-type PAR1
or S— A (391-406) with or without GRK2 were pretreated
with thrombin for 1 h. Thrombin was then removed (and
hirudin was added), LiCl added, and inositol phosphate
accumulation over the subsequent 60 min assessed as an
index of ongoing signaling. Results were compared to the
level of inositol phosphates accumulated 1 h when
thrombin and LiCL were simply added simultaneously. As
expected, signaling had ceased by this measure in cells
expressing wild-type receptor independent of GRK2 over-
expression (Figure 7B). By contrast, cells expressing S
A (391-406) exhibited persistent signaling after thrombin
removal. Coexpression of GRK2 in cells expressing &
(391-406) led to nearly complete termination of signaling
(Figure 7B). At face value, these results suggest that
overexpressed GRK2 can attenuate or terminate thrombin
receptor signaling by phosphorylation of serine or threonine
residues outside of residues 39406. This “suppression”
of the S— A (391—-406) phenotype by GRK overexpression
is consistent with the hypothesis that this phenotype results
from qualitative or quantitative differences in receptor
phosphorylation.

expressed as the increase over inositol phosphate accumulation iy|SCcUSSION

cells treated with LiCl alone. Values shown are the me&arSD

(n = 3). For cells expressing wild-type PAR1, thrombin caused a
3-fold increase in the level of inositol phosphate accumulation, while
a 4-fold increase was observed for cells expressing & (391—
406) and S/T— A (375—425). Surface expression of the wild-

Phosphorylation plays a critical role in the rapid uncou-
pling of activated GPCRs from G proteing, @). Several
GPCRs can be phosphorylated at multiple serine or threonine

type and mutated PARL1s is indicated as the fold increase overresidues in a cytoplasmic loop or the cytoplasmic 28

background (nonspecific binding of antibody to untransfected COS
cells) and is shown below thg-axis. Coexpression of GRKs
decreased the levels of PAR1 and-SA (391—406) signaling in

each of four separate experiments. (B) Shutoff assays were

27). In the case of thg2-adrenergic receptor and rhodopsin
(1, 12, 22—24), phosphorylation promotes arrestin binding,
which both acutely uncouples the receptor from G protein

performed as described in the legend of Figure 3 but using COS7and, in the case of thg2-adrenergic receptor, promotes

cells cotransfected with either wild-type PAR1 or-SA (391—

internalization. Internalized2-adrenergic receptor and other

406) and vector only or a GRK2 expression plasmid. The signal is reversibly activated GPCRs become dephosphorylated and

expressed as the percentage of inositol phosphate accumulatio

obtained in parallel cultures incubated with thrombin and LiCl for

Irf’(—:‘cycle to the surface, ready to signal again. Thus, internal-

60 min. In the experiment whose results are shown, the values foriZation of 2-adrenergic receptor is part of a resensitization

fold stimulation were approximately 1.5-fold for cells expressing
wild-type PAR1 alone and PAR1 with GRK2, 1.7-fold forS A
(391-406) alone, and 1.4-fold for S- A (391—-406) and GRK2.

The levels of surface expression of receptors were nearly identical

mechanism.

Like p2-adrenergic receptor and other classical GPCRs,
PAR1 is rapidly phosphorylated on serine or threonine

for all transfections in this experiment. Data shown are the means residues within its cytoplasmic tai{ 10). In our current

+ SD (n = 3). This experiment was performed twice with similar
results.

results suggested that GRKs might be important for PAR1
shutoff. We therefore examined the effects of GRK2 and
GRKS on signaling by wild-type PAR1, S A (391-406),
and S/T— A (375—425) in cotransfected COS7 cells (Figure
7). Coexpression of GRK2 or GRK3 significantly attenuated
wild-type PAR1 signaling in COS?7 cells (Figure 7A). GRK3
was more effective than GRK2 but had a small effect on
S/T— A (375—425) signaling, perhaps due to postreceptor

studies, alanine substitution for all serines and threonines in
PAR1’s cytoplasmic tail ablated agonist-triggered receptor
phosphorylation, while alanine substitution of the same
residues separately in three distinct clusters yielded receptors
that were still phosphorylated (Figure 2). These data show
that, like other GPCRs, PAR1 can be phosphorylated at
multiple sites after activation. Previous studies showed that
phosphorylation sites within PAR1’s cytoplasmic tail are
necessary for inhibition of PAR1 signaling by the coex-
pressed G protein-coupled receptor kinase GRHB).(
Furthermore, a receptor missing its targets for phosphory-
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lation signaled more robustly than the wild type and was receptor phosphorylation alone is not sufficient to prevent
unaffected by coexpression with GRK3)( In the study G protein activation and signalind.1, 22, 23, 28). Rather,
presented here, we show that cells expressing one suchreceptor phosphorylation promotes its binding to arrestin,
mutant [S/T— A (375—425)] are defective in shutoff of and arrestin binding precludes further interaction with G
thrombin signaling. At face value, these data suggest thatprotein. This process is believed to represent the major
PAR1 phosphorylation is necessary for termination of PAR1 mechanism by which activated GPCRs are rapidly uncoupled
signaling. from signaling pathwaysl( 11, 12). Arrestin has also been

Activated PAR1 is sorted to lysosomes after internaliza- reported to be a critical mediator of receptor internalization,
tion. This sorting to lysosomes rather than recycling like linking activated receptors to clathrin-coated pit3. (This
classical GPCRs is critical for normal termination of PAR1 begs the question of how mutation of phosphorylation sites
signaling; thus, in contrast to the case wjitB-adrenergic might yield a receptor defective in rapid uncoupling without
receptor, internalization of activated PARL1 is part of a shutoff an accompanying defect in agonist-triggered internalization.
mechanism rather than a resensitization mechangsmj. One might imagine that internalization may only require that
S/IT — A (375—-425) has a profound defect in its ability to  arrestin bind long enough to deliver activated receptors to
shut off after agonist stimulation. In addition, this mutated clathrin-coated pits, while the uncoupling function of arrestin
receptor is defective in both agonist-triggered phosphoryla- might require a specific and relatively stable structure of the
tion and internalization. S/T— A (375-425) is thus receptor-arrestin complex to prevent receptors from inter-
uninformative regarding the role of phosphorylation versus acting with G proteins. Thus, it is possible that that mutation
receptor internalization in termination of PAR1 signaling. of some receptor phosphorylation sites might affect the
The S— A (391-406) mutant was helpful in this regard. kinetics of arrestin binding or the structure of the receptor
Thrombin signaling in cells expressing this mutant was shut arrestin complex in a way that interferes with uncoupling
off more slowly than signaling in cells expressing wild-type while leaving internalization intact. Similarly, phosphoryla-
PAR1, yet wild-type PAR1 and S A (391—-406) were both tion of some GPCR C-tails at certain sites is thought to
rapidly phosphorylated after activation and were internalized promote subsequent phosphorylation at other s&@8s30);
and degraded at similar rates. These observations suggedhus, mutating certain sites in PAR1 might alter the kinetics
that the phosphorylation requirements for rapid shutoff of of phosphorylation and arrestin binding such that each
PARL1 signaling are more stringent than those for agonist- activated receptor can signal for a longer period of time.
triggered internalization, and that agonist-triggered internal- Alternatively, we cannot exclude the possibility that phos-
ization and degradation of PAR1 are not sufficient for rapid phorylation contributes to uncoupling or internalization of
termination of PARL1 signaling. More broadly, they suggest PAR1 by mechanisms independent of arrestin binding such
the following model. Activated PARL1 is first uncoupled from that different phosphorylation site mutations would differ-
signaling by a mechanism requiring phosphorylation of entially affect these two functions. The role of arrestins in
serines between residues 391 and 406. Activated PAR1 isPARL1 shutoff and internalization is not well understood and
subsequently internalized by a mechanism also requiringremains an important question to be studied. The work
phosphorylation of its cytoplasmic tail, but phosphorylation presented here evokes a testable hypothesis that arrestin
at any of several sites is sufficient. PARL internalization and binding to S— A (391-406) may be qualitatively or
degradation are critical for preventing cleaved and activated quantitatively different from binding to wild-type PAR1; any
PAR1 from remaining on or returning to the surface and such difference would be informative regarding the mech-
“resignaling” but are not sufficient for rapid shutoff of PAR1 anisms of uncoupling versus internalization.
signaling The gradual shutoff of signaling after activation Last, we cannot exclude the possibility that the shutoff
of S— A (391—-406) (Figure 3) may reflect the contribution  defect of S— A (391—406) is due to a mutation-induced
of trafficking to the termination of receptor signaling or change in the structure of the receptor's cytoplasmic tail
slower uncoupling via other mechanisms. rather than to alteration of phosphorylation sites per se.

Internalization of most GPCRs is coupled to and follows Regardless, the observation that internalization and acute
phosphorylation and acute shutoff, ©, 11, 12), thus, the shutoff are dissociated in the-S A (391—406) mutant raises
ability of S— A (391—406) to internalize normally in the  the possibility that there are differences in the mechanisms
presence of a profound defect in acute shutoff is unusual. A underlying these two processes and will stimulate inquiry
similar separation of receptor shutoff from internalization in this area.
has been seen, however, for the m2 muscarinic acetylcholine
receptor, in which serine/threonire alanine substitutions =~ REFERENCES
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