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Several residues are conserved in the transmembrane do-
mains (TMs) of G-protein coupled receptors. Here we demon-
strate that a conserved proline, Pro247, in TM6 of platelet-acti-
vating factor receptor (PAFR) is required for endoplasmic
reticulum (ER) export and trafficking after agonist-induced
internalization. Alanine-substituted mutants of the conserved
residues of PAFRs, including P247A, were retained in the ER.
Because a PAFR antagonist, Y-24180, acted as a pharmacologi-
cal chaperone to rescue ER retention, this retention is due to
misfolding of PAFR. Methylcarbamyl (mc)-PAF, a PAFR ago-
nist, did not increase the cell surface expression of P247A, even
though another ER-retainedmutant, D63A, was effectively traf-
ficked. Signaling and accumulation of the receptors in the early
endosomes were observed in the mc-PAF-treated P247A-ex-
pressing cells, suggesting that P247A was trafficked to the cell
surface bymc-PAF, and thereafter disappeared from the surface
due to aberrant trafficking, e.g. enhanced internalization, defi-
ciency in recycling, and/or accelerated degradation. The aber-
rant trafficking was confirmed with a sortase-A-mediated
method for labeling cell surface proteins. These results demon-
strate that the conserved proline in TM6 is crucial for intracel-
lular trafficking of PAFR.

Many G-protein coupled receptors (GPCRs)2 classified in
the rhodopsin-type family have several common residues
located in their seven transmembrane (TM) helices (1, 2). Stud-
ies of membrane preparations from cells expressing various
GPCRs, including the platelet-activating factor (PAF; 1-O-
alkyl-2-acetyl-sn-glycero-3-phosphocholine) receptor (PAFR)

have demonstrated the significance of these conserved residues
for ligand recognition and/orGTP�S binding (3–6). The three-
dimensional structural analysis of some GPCRs (7) suggests
that changes in these residues are likely to result in misfolding
of the protein during its biosynthesis in the endoplasmic retic-
ulum (ER). However, little is known about the roles of these
residues for passage through the ER quality control. Recent
information about pharmacological chaperones, which are
able to rescue the intracellular retention of several misfolded
proteins by stabilizing their conformation and/or enhancing
refolding (8–10), raises the possibility that the addition of spe-
cific ligands to structurally deficient GPCRs retained in the ER
might result in their export to the cell surface.
Although the binding properties of ligands tomutant GPCRs

have been examined using membrane preparations (4, 11–15),
little is known about intracellular trafficking (for example, the
internalization and recycling) of these mutants in living cells,
mainly because of their ER retention. In this report, we identi-
fied several residues in PAFR that could be crucial for correct
folding during its biosynthesis in the ER by mutating the resi-
dues and determining which caused a deficiency in PAFR
expression at the cell surface. We then used a PAFR antagonist
or agonist as a pharmacological chaperone to analyze the struc-
turally defective mutants after they were trafficked to the cell
surface. Moreover, we used a new technique, site-specific N-
terminal labeling of cell surface proteins on living cells by sor-
tase-A (16, 17), to evaluate the trafficking of mutant PAFR after
stimulation with agonist. We found that a conserved proline,
Pro247, in TM6 of PAFR is important not only for ER export but
also for trafficking, e.g. internalization, recycling, and/or sorting
to lysosomes.

EXPERIMENTAL PROCEDURES

Materials—Methylcarbamyl (mc)-PAF C-16 was purchased
fromCaymanChemical (AnnArbor,MI). Chloroquine diphos-
phate salt was from Sigma. Y-24180 was donated from Yoshi-
tomi Pharmaceutical Industries, Ltd. (Osaka, Japan).
Construction of Mutant GPCRs—N terminally HA-tagged

humanPAFR (HA-hPAFR), human leukotrieneB4 type2 receptor
(HA-hBLT2), or humanGPR43 (HA-hGPR43) were used as tem-
plates to generate mutant receptors using the QuikChange Site-
directed Mutagenesis kit (Stratagene, La Jolla, CA) following the
manufacturer’s instructions. The mutant receptors were
inserted into pcDNA3.1 or pCXN2.1. The primer sets utilized
are listed under supplemental materials.
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Cell Culture and Transfection—HeLa cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Sigma)
supplemented with 10% fetal bovine serum. Chinese hamster
ovary-K1 cells were cultured in Ham’s F-12 (Sigma) supple-
mented with 10% fetal bovine serum. PC12h cells were cul-
tured in DMEM supplemented with 10% horse serum and 5%
fetal bovine serum. These cells were transfected with a plas-
mid harboring a wild-type (WT) or mutated receptor using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. Stable cell lines with inducible expression of

WT or mutant PAFRs were estab-
lished by transfecting the pTRE
plasmid bearing the appropriate
PAFRs into a stable HeLa cell line
harboring the Tet repressor (HeLa
Tet-On Cell Line; Clontech, Palo
Alto, CA (18)) using Lipofectamine
2000.Cellswere grownunderGene-
ticin (1 mg/ml; Invitrogen) and
hygromycin (100 �g/ml; Wako,
Osaka, Japan) selection, isolated,
expanded, and then tested for doxy-
cycline (Dox; 1 �g/ml; Clontech)-
inducible expression of PAFR by
Western blotting. The clones used
for experiments showed very low
basal, but highly inducible, receptor
expression. For our experiments,
after cells were plated and cultured
for 16 h, receptor expression was
induced by adding 1 �g/ml of Dox
to the culture medium for 24 h.
Flow Cytometry—For staining,

cells were incubated with anti-HA
antibody (clone 3F10; Roche Ap-
plied Science) in phosphate-buffered
saline (PBS) containing 2% goat
serum at room temperature for 30
min, followed by staining with phy-
coerythrin-conjugated anti-rat IgG
(Beckman Coulter, Fullerton, CA)
at room temperature for 30min. An
EPICS XL (Beckman Coulter) was
used for flow cytometry.
Western Blotting—Two days after

transfection, cells were harvested
with PBS containing 2 mM EDTA.
Cells were disrupted in ice-cold
sonication buffer (25 mM HEPES-
NaOH, pH 7.4, 0.25 M sucrose, 10
mM MgCl2) plus protease inhibitor
mixture (Roche, one tablet in 50
ml) by sonication. The cell debris
was removed by centrifugation at
8,000� g for 10min at 4 °C, and the
resultant supernatants were used as
protein samples. The protein con-
centration was determined by the

Bradford method (19) using a Protein Assay Kit (Bio-Rad) with
bovine serum albumin (BSA, Sigma) as a standard. ForWestern
blot analyses, protein samples were separated on SDS-10%
polyacrylamide gels and transferred to a nitrocellulose mem-
brane. After a blocking step using 5% skim milk in TBS-T (20
mM Tris-buffered saline (pH 7.4), 0.1% Tween 20), blots were
probed with the primary antibody for 1 h. The membrane was
washed with TBS-T and incubated with a biotin-conjugated
antibody (Vector Laboratories, Burlingame,CA) or horseradish
peroxidase-conjugated anti-rat IgG antibody (Santa Cruz Bio-

FIGURE 1. Requirement of conserved residues in rhodopsin-type GPCRs for cell surface expression of
HA-hPAFR. A, the 9 mutant HA-hPAFRs generated in this study are indicated. Conserved residues and substi-
tuted alanines in each mutant PAFR are indicated in red. Transmembrane domains are underlined. B, after
transfection of WT and mutant HA-hPAFRs into HeLa cells, cell surface expression levels of each mutant HA-
hPAFR were determined with flow cytometry. After the cells were stained with an anti-HA primary antibody
and phycoerythrin-conjugated anti-rat IgG secondary antibody, the fluorescence intensity of each transfectant
was measured. The mean fluorescence intensities (MFI), represented as a percentage of the MFI of WT HA-
hPAFR, were used to evaluate the expression levels. Data are represented as mean � S.E. (n � 3). Statistical
significance was analyzed using analysis of variance with Dunnett post hoc pairwise comparisons. **, p � 0.01
(versus WT). Bottom, the protein levels of the tested receptors in HeLa cells were shown by Western blotting
using anti-HA antibody. Approximate molecular sizes are examined in kDa at the right. C, a representative result
from the flow cytometric analysis is shown. HeLa cells were transiently transfected with WT HA-hPAFR, D63A,
P247A, or empty vector.
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technology, Santa Cruz, CA) for 1 h. In the case of the biotin-
conjugated antibody, the membrane was then incubated with
horseradish peroxidase-conjugated streptavidin (GE Health-
care) for 0.5 h. The signal was visualized using an ECLWestern
blotting detection system (GE Healthcare).
Endoglycosidase Treatment of PAFRs—Protein samples were

obtained from the 8,000� g supernatant described above. They
were treated with endoglycosidase-H (Endo-H; 0.005 units;
Roche Applied Science) in 50 �l of buffer (11.7 mM Na2HPO4,
168.3 mM NaH2PO4, 0.4% SDS, 20 mM EDTA, 2% 2-mercap-
tethanol) or with N-glycosidase F (PNGase-F; 1 unit; Roche
Applied Science) in 50 �l of buffer (139.2 mM Na2HPO4, 40.8
mM NaH2PO4, 0.4% SDS, 20 mM EDTA, 2% 2-mercaptoetha-
nol) for 16 h at 4 °C. The resultant protein samples were sus-
pended in sampling buffer (25 mM Tris-HCl (pH 6.5), 5% glyc-
erol, 1% SDS, and 0.05% bromphenol blue) and subjected to
Western blot analyses.
Immunoprecipitation—All operationswere carriedout at 4 °C.

Cells were lysed with lysis buffer (50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1% Nonidet P-40 (Nacalai Tesque, Kyoto, Japan), 0.5%
sodiumdeoxycholate, protease inhibitormixture (one tablet in 25
ml)).Total cellular lysateswere subjected to immunoreactionwith
the anti-HAantibody (3F10) andProteinA/GPlus-agarose (Santa
Cruz Biotechnology) for 16 h. After centrifugation at 10,000 � g
for 10 min, the pellets were washed with wash buffer 1 (50 mM

Tris-HCl (pH 7.5), 500 mM NaCl, 0.1% Nonidet P-40, 0.05%
sodium deoxycholate) and then with wash buffer 2 (50 mM Tris-
HCl (pH 7.5), 0.1% Nonidet P-40, 0.05% sodium deoxycholate).
The resulting pellets were suspended in sampling buffer and sub-
jected to Western blot analyses using anti-ubiquitin antibody
(P4D1) and horseradish peroxidase-conjugated anti-mouse IgG
whole antibody (Santa Cruz Biotechnology).
Immunofluorescence Confocal Microscopy Using Anti-calre-

ticulin and Anti-golgin-97 Antibodies—Cells (5 � 105) were
seeded into collagen-coated glass-bottomed 35-mm dishes
(MatTek Corporation, Ashland, MA). After transfection and
incubation for 48 h at 37 °C, the cells were fixed with 2%
paraformaldehyde for 10 min at room temperature and rinsed
twice with ice-cold PBS. Subsequently, the cells were incubated
with 1⁄4� permeabilization reagent (Beckman Coulter) for 10
min at room temperature. Then, primary antibodies (anti-HA
(1:100, 3F10) and anti-calreticulin (1:200, Stressgen Biore-
agents, Ann Arbor, MI) or anti-golgin-97 (1:50; Invitrogen)
were added, and the mixture was incubated for 1 h. After the
cells were washed with ice-cold PBS, secondary antibodies
(Alexa Fluor 488-conjugated anti-rat IgG (1:200; Invitrogen)
and Alexa Fluor 546-conjugated anti-rabbit IgG (1:200; Invitro-
gen) or Alexa Fluor 546-conjugated anti-mouse IgG (1:200;
Invitrogen)) were added, and incubation was continued for 1 h.
Images were obtained using an LSM510 Laser Scanning Confocal
Microscope (Carl Zeiss, Jena, Germany) equippedwith argon and
helium/neon lasers and �100 oil immersion objective lens.
Immunofluorescence Confocal Microscopy Using Transferrin

Conjugate—Twenty-four hours after transfection, HeLa cells
were cultured in DMEM containing 0.1% BSA with or with-
out 1 �M mc-PAF C-16 for 24 h. Thereafter, the cells were
incubated with Alexa Fluor 546-conjugated transferrin (50
�g/ml; Invitrogen (20) for 1 h. After these cells were fixed and

permeabilized, they were incubated with primary (anti-HA)
and secondary (Alexa Fluor 488-conjugated anti-rat IgG) anti-
bodies. To detect the plasma membranes, cells were stained
with CellMaskTM Orange Plasma Membrane Marker (2.5
�g/ml, Invitrogen) (21) for 5min, fixed, and incubated with the
above antibodies under non-permeabilized conditions. Images
were obtained as described above.
Calcium Mobilization Assay—Transiently transfected HeLa

cells were plated in a 96-well plate (4 � 104 cells/well) and
incubated for 16 h. Then, Y-24180 (1 �M) was added to the
culture medium, and the cells were incubated for a further 24 h

FIGURE 2. Accumulation of mutant HA-hPAFRs in the ER. A, subcellular
localizations of WT and mutant HA-hPAFRs were analyzed by immunofluo-
rescence confocal microscopy. HeLa cells were transfected with WT
HA-hPAFR, D63A, or P247A and subjected to immunocytochemical analysis
48 h after transfection. Calreticulin, golgin-97, and HA-tagged hPAFRs were
visualized using anti-calreticulin (upper, red), anti-golgin-97 (lower, red), and
anti-HA (green) antibodies, respectively. White bars indicate 10 �m. The data
are representative of three independent experiments with identical results.
B, protein preparations from cells transfected with WT HA-hPAFR, D63A,
P247A, or empty vector were treated with Endo-H (0.005 units) or PNGase-F (1
unit). The results were analyzed by Western blotting using an anti-HA anti-
body. Approximate molecular sizes are shown in kDa at the right. The data are
representative of three independent experiments with identical results.
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at 37 °C. The cells were then incubated with loading buffer
(buffer A (1� HBSS and 2.5 mM probenecid; Sigma, 20 mM

HEPES, 1 mM CaCl2, 1 mMMgCl2, and 0.01% BSA)) containing
4 �M Fluo 3-AM (Dojindo, Kumamoto, Japan) and 0.04% plu-
ronic acid (Molecular Probes, Eugene, OR) at 37 °C for 1 h.
Then they were washed twice with buffer A. Intracellular Ca2�

mobilization was monitored with a scanning fluorometer
(FlexStation, Molecular Devices Corp.) by measuring emission
fluorescence at 525 nm in response to excitation at 485 nm. Rela-
tive fluorescence units (maximum � minimum) are indicated.
ReporterGeneAssay—1.5� 105 PC12h cellswere transfected

with 450 ng of HA-hPAFR or empty vector (pcDNA3.1), 480 ng
of zif 268-firefly luciferase-pGL2 (a kind gift from Japan
Tobacco Co., Tokyo, Japan), 20 ng of cytomegalovirus promot-
er-driven Renilla luciferase-pRL (Promega, Madison, WI), and
50 ng of expression vector for C3 exoenzyme (pEF-C3; a kind
gift from Dr. S. Narumiya (Kyoto University)) or empty vector
(pEF) using SuperFect (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. Transfected cells were cultured
on a collagen-coated 24-well plate for 36 h. Cells were then
stimulated for 12 h with DMEM, 0.1% BSA containing 1 �M

mc-PAF or vehicle only under 5% CO2 at 37 °C. Thereafter,
firefly and Renilla luciferase activities were measured using
PICAGENE Dual Seapansy (Toyo Ink, Tokyo, Japan) and a
MiniLumat LB 9506 luminometer (Berthold, Bundoora, Aus-
tralia). The relative luciferase activity is represented as the fire-
fly luciferase value/Renilla luciferase (F/R) value (22).
Site-specific N-terminal Labeling of Cell Surface Receptors—

A sortase-A recognition sequence (MLPETGGGGG) was gen-
erated at the N termini of the HA-tagged human PAFRs by
PCR, and the resulting constructs were inserted into pCXN2.1.
The primer sets utilized are listed under supplemental materi-
als. Preparation of His6-sortase-A and Alexa Fluor 488-labeled
peptide and labeling of cell surface receptors by sortase-A were
performed as described (16). Briefly, the transpeptidation reac-
tion was performed by incubation of the transfected HeLa cells
in DMEM (0.1% BSA) containing 30 �M His6-sortase-A and 1
mM triglycine at 37 °C for 30 min. After the cells were washed
with PBS, they were further incubated in fresh DMEM (0.1%
BSA) containing 30 �M His6-sortase-A and 10 �M Alexa Fluor
488-labeled LPETGG peptide at 37 °C for 15 min. Thereafter,
the cells were washed with PBS and observed with a confocal
laser microscope.
Statistical Analysis—Datawere analyzed for statistical signif-

icance using Prism 4 software (GraphPad Software, Inc., San
Diego, CA). Statistical significance was analyzed using analysis
of variance with Dunnett post hoc pairwise comparisons or
unpaired t test. Differences were considered significant at p �
0.05, 0.01, and 0.001 as indicated.

RESULTS

Requirement of Conserved Residues for Cell Surface
Expression of PAFR—In the transmembrane domains of
the rhodopsin-type GPCRs, several amino acid residues

FIGURE 3. Deficiency of cell surface expression by mutation of the pivotal
residues in HA-hBLT2 and HA-hGPR43. A, WT and two mutant receptors,
with point mutations in the aspartic acid in TM2 or the proline in TM6, were
prepared using HA-hBLT2 (left) and HA-hGPR43 (right). After transfection of
these receptors into HeLa cells, cell surface expression levels of each GPCR
were determined by flow cytometric analysis. Cells were stained with anti-HA
and phycoerythrin-conjugated anti-rat IgG as primary and secondary anti-
bodies, respectively, and the fluorescence intensity of each transfectant was
measured. The expression levels were evaluated by mean fluorescence inten-
sities (MFI), represented as a percentage of the WT receptor. Data are repre-
sented as mean � S.E. (n � 3). Statistical significance was analyzed using
analysis of variance with Dunnett post hoc pairwise comparisons, **, p � 0.01
(versus WT). Bottom, the protein levels of the tested receptors in HeLa cells
were examined by Western blotting using anti-HA antibody. Approximate
molecular sizes are shown in kDa at the right of each panel. B, subcellular
localizations of WT and mutant HA-hBLT2 and hGPR43 were analyzed by
immunofluorescence confocal microscopy. HeLa cells were transfected with
WT-hBLT2, D68A-hBLT2, P239A-hBLT2, WT-hGPR43, D55A-hGPR43, or
P237A-hGPR43 and subjected to immunocytochemical analysis 48 h after
transfection. Calreticulin and HA-tagged receptors were visualized using anti-

calreticulin (red) and anti-HA (green) antibodies, respectively. White bars indi-
cate 10 �m. The data are representative of three independent experiments
with identical results.
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are highly conserved, e.g. aspartic
acid and leucines in TM2; phenyl-
alanine, cysteine, and proline in
TM6; and asparagine/aspartic acid,
proline, and tyrosine in TM7 (Fig.
S1). To determine the importance
of these residues for trafficking
of GPCRs, we substituted alanine
for these conserved residues in
HA-tagged human PAFR (HA-
hPAFR; Fig. 1A) and analyzed cell
surface expression of these mutants
semiquantitatively by flow cytom-
etry in transiently transfected HeLa
cells. Many of these mutant HA-
hPAFRs, e.g. L59A and D63A in
TM2 and P247A in TM6, showed a
marked decrease in cell surface
expression (Fig. 1, B and C). In par-
ticular, mutations of the aspartic
acid in TM2 (Asp63) and the proline
in TM6 (Pro247) resulted in drastic
impairment of cell surface expres-
sion of PAFR; these residues are
proposed to be structurally impor-
tant in folding of the receptor based
on structural analysis of GPCRs (7,
14, 15). These results suggest that
these residues could play a pivotal
role in cell surface expression of the
rhodopsin-type GPCRs.
Accumulation of Mutant HA-

hPAFRs in the ER—To investigate
what caused the decrease in cell
surface expression of the mutant
HA-hPAFRs, we used confocal im-
munolocalization analyses to ob-
serve the subcellular localization
of these receptors in HeLa cells.
WT HA-hPAFR was expressed
mainly on the plasma membrane
48 h after transfection of HeLa
cells (Fig. 2A). In contrast, the
D63A and P247A mutants were
localized in the perinuclear re-
gions of the cells, resulting in defi-
cient cell surface expression. In
merged images, mutant HA-hPAFRs
overlapped with the ER marker
calreticulin, but not with golgin-
97, a Golgi apparatus marker.
Accumulation of D63A and P247A
mutants in the ER was further con-
firmed by examining glycosylation
of the receptors, which are linked
and further modified during traf-
ficking to the cell surface (23).
Western blot analyses of WT HA-

FIGURE 4. Action of specific ligands as pharmacological chaperones. A, dose-dependent effects of Y-24180
on cell surface expression of the mutant HA-hPAFRs. These experiments were carried out using cell lines
HeLa-WT, HeLa-D63A, HeLa-P247A, and HeLa-mock cells, which are induced to produce the receptors when
Dox is added. Twenty-four hours after addition of Dox, the cells were treated with the indicated concentrations
of Y-24180 for 24 h. The expression levels were evaluated by the mean fluorescence intensity (MFI), repre-
sented as a percentage of WT HA-hPAFR at 0 nM compound. Data are represented as mean � S.E. (n � 3).
Bottom, the protein levels of each receptor under the conditions of Y-24180 (1 �M) treatment were examined
by Western blotting using anti-HA antibody. Approximate molecular sizes are shown in kDa at the right.
B, effects of Y-24180 (1 �M) on subcellular localization of WT and mutant HA-hPAFRs were observed with
immunofluorescence confocal microscopy. Twenty-four hours after transfection of HeLa cells with WT HA-
hPAFR, D63A, or P247A, the cells were treated with vehicle (ethanol; upper) or Y-24180 (lower) for 24 h, then
subjected to immunocytochemical analysis. Calreticulin and HA-tagged hPAFRs were visualized using anti-
calreticulin (red) and anti-HA (green) antibodies, respectively. White bars indicate 10 �m. The data are repre-
sentative of three independent experiments with identical results. C, dose-dependent effects of mc-PAF on cell
surface expression of the mutant HA-hPAFRs. These experiments were carried out using the same cells and
methods described in A. Bottom, the protein levels of each receptor under mc-PAF (1 �M) treatment conditions
were examined by Western blotting using anti-HA antibody. Approximate molecular sizes are shown in kDa at
the right.
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hPAFR showed several versions of the protein with different
molecular masses: a broad species (approximately 40–50 kDa),
and 30 and 27 kDa (Fig. 2B). Because the broad species disap-
peared following treatment with PNGase-F, which cleaves all
types of N-glycans, but not with Endo-H, which specifically
digests high-mannose glycans, these proteins are likely to be
fully glycosylated. The 30-kDa band was shifted to 27 kDa by
treatment with PNGase-F and Endo-H, suggesting that the 30-
and 27-kDa bands correspond to a core-conjugated glycochain
and a nonglycosylated form of the protein, respectively, proba-
bly localized in the ER. As was previously observed (24), the
detected proteins ran faster than their predicted molecular
masses (�39 kDa for nonglycosylated hPAFR). In contrast, the
broad specieswas not detected in theD63A- or P247A-express-
ing cells, although similar shifts of the core chain band from the
conjugated to the nonglycosylated form were observed after
treatment with PNGase-F and Endo-H. It is likely that the
30-kDa band, especially in the D63A mutant, contains modifi-
cation(s) resistant to glycosidases, because the band did not
completely disappear upon treatment with these enzymes.
Moreover, we confirmed similar accumulation of D63A and
P247A in the ER in Chinese hamster ovary-K1 cells, suggesting
that these deficiencies in ER export were observed in various
cell types (supplemental Fig. S2). Taken together, these results
imply that D63A and P247A mutants accumulate in the ER in
HeLa cells.
Deficiency in Cell Surface Expression of Other GPCRs by

Mutating Crucial Residues—To gain further evidence for the
importance of the conserved residues in TM2 and TM6 for
GPCR trafficking, we constructed other mutant GPCRs using
HA-tagged human leukotriene B4 type-2 receptor (HA-hBLT2)
and human GPR43 (HA-hGPR43), which introduced muta-
tions into positions corresponding to Asp63 and Pro247 in HA-
hPAFR. Similar to the results obtained with HA-hPAFR, these
mutants were impaired in cell surface expression and predom-
inantly accumulated in the ER (Fig. 3, A and B), suggesting that
these residues could play a pivotal role in cell surface expression
of these GPCRs.
Action of Specific Ligands as Pharmacological Chaperones—

Recently, a class of compounds called pharmacological chaper-
ones was shown to rescue the intracellular retention of several
misfolded proteins by stabilizing their conformation and/or
enhancing refolding (25). To test whether specific ligands for
PAFR act as pharmacological chaperones, we used flow cytom-
etry to examine the effects of the PAFR antagonist Y-24180 (26)
on the export of mutant PAFR from the ER. Treatment with 1
�M Y-24180 facilitated cell surface expression of all mutant
PAFRs previously retained in the ER (Figs. 1B and supplemental
S3A). In particular, Y-24180markedly increased the expression
of D63A and P247A on the cell surface in a dose-dependent
fashion (Fig. 4A). We further observed a similar effect of
Y-24180 in PC12h cells. Namely, the deficiencies in surface
expression of D63A and P247A in these cells were rescued by
treatment with Y-24180 (supplemental Fig. S3B). To examine
whether this specific ligand of PAFR promoted ER export of the
mutant PAFRs, we used immunofluorescence confocal micros-
copy to examine subcellular localization of the mutant PAFRs
after treatment with Y-24180. In these experiments, mutant

receptors that had accumulated in the ER disappeared from the
ER following treatmentwith Y-24180 andwere detectedmainly
on the plasma membrane (Fig. 4B). In general, misfolded pro-
teins that accumulate in the ER are ubiquitinated and then
degraded by proteasomes. Therefore, we further examined the
amount of ubiquitinated receptors with or without Y-24180
treatment using an anti-ubiquitin antibody. Without ligand
treatment, the mutant receptors were highly ubiquitinated
compared with WT HA-hPAFR, whereas Y-24180 treatment
decreased ubiquitination (supplemental Fig. S4).Unexpectedly,
even high doses of mc-PAF (27), an agonist of PAFR, did not
enhance expression of P247A on the cell surface (Fig. 4C).
Because mc-PAF substantially augmented the surface expres-
sion of D63A in a dose-dependent manner, we needed to ana-
lyze the P247A mutant behavior in more detail.
Interaction of P247A with mc-PAF—To clarify whether

P247Aphysically interactswithmc-PAF,we examinedwhether
mc-PAF activates the P247A trafficked to the cell surface. The
P247A expressing cells were pre-treated with Y-24180 (antag-
onist) to enhance surface expression of this mutant. Because
P247Awas not activated by treatment with this compound, the
trafficked P247A was retained on the surface. After P247A was
sorted to the cell surface by treatmentwith Y-24180, wewashed
the cells to remove the ligand and then tested intracellular Ca2�

mobilization by stimulation with mc-PAF. mc-PAF-induced
Ca2� mobilization with similar dose dependence in WT and

FIGURE 5. mc-PAF elicits an increase in intracellular Ca2� through the
mutant HA-PAFRs sorted to the cell surface by Y-24180. A, the mc-PAF-
elicited intracellular Ca2� increase in HeLa cells transfected with WT
HA-hPAFR, D63A, P247A, or empty vector with Y-24180 (1 �M) treatment was
measured with a FlexStation fluorometer. Relative fluorescence units (RFU,
Max � Min) are indicated. Data are represented as mean � S.E. (n � 3). B, a
representative result from the flow cytometric analysis is shown. HeLa cells
were transiently transfected with WT HA-hPAFR, D63A, P247A, or empty vec-
tor, then treated with Y-24180 (1 �M).
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P247A expressing cells (Fig. 5A). These results suggest that
P247A is activated by mc-PAF. However, we did not detect any
mc-PAF-elicited Ca2� mobilization in D63A expressing cells,
even after cell surface expression of the receptor (Fig. 5B).

These results also demonstrate that
Asp63 is crucial for activation of
PAFR. Thus, we hypothesized that
following treatment with mc-PAF,
P247A could have been trafficked to
the cell surface, but was internalized
immediately thereafter. In contrast,
D63A is deficient in agonist-elicited
activation of G-proteins (Fig. 5).
Hence, mc-PAF surface-trafficked
D63A was retained on the surface,
resulting in detection by flow cyto-
metric analysis (Fig. 4C).
Signaling and Internalization of

P247A after Treatment with mc-
PAF—When a reporter gene system
(22) was used to evaluate intracel-
lular signaling, mc-PAF treatment
increased the F/R ratio, which
represents signal transduction, in
P247A expressing cells as well as
in WT expressing cells (Fig. 6A).
Moreover, coexpression with C3
toxin diminished elevation of the
F/R ratio, indicating that P247A
might be transported to the cell sur-
face by mc-PAF, after which its
signals are transduced via Gq and/or
G12/13. Furthermore, a confocal
immunolocalization analysis re-
vealed that WT HA-hPAFR was
present not only in the early endo-
somes but also on the plasma mem-
brane after treatment withmc-PAF,
whereas P247A localized predomi-
nantly in the early endosomes (Fig.
6B). Thus, it is possible that P247A
trafficked to the surface by mc-PAF
is immediately internalized into
the early endosomes. We further
hypothesized that P247A is not
properly trafficked, e.g. enhanced
internalization, deficiency in recy-
cling, and/or accelerated degrada-
tion, which was supported by a dra-
matic increase in fully glycosylated
P247A inmc-PAF-exposed cells fol-
lowing treatment with chloroquine,
a lysosomal inhibitor (28) (Fig. 6C).
Aberrant Trafficking of P247A

after Stimulation with Agonist—
Next, to examine trafficking of
P247A, we tested whether the cell
surface-trafficked P247A accumu-

lated in the early endosomes after stimulation with mc-PAF.
After HeLa-WT and HeLa-P247A were treated with Dox and
Y-24180 to facilitate biosynthesis and cell surface trafficking of
the receptors, respectively, these cells were stimulated with

FIGURE 6. Signaling and internalization of P247A after treatment with mc-PAF. A, PC12h cells were tran-
siently transfected with reporter plasmids (zif 268-firefly luciferase and cytomegalovirus-Renilla luciferase as an
internal control) and an HA-hPAFR expression plasmid with or without C3 exoenzyme (pEF-C3). The cells were
cultured for 36 h after transfection and subsequently stimulated with 1 �M mc-PAF for 12 h. The ratios of firefly
luciferase activity to Renilla luciferase are shown. Data are mean � S.E. (n � 3). The data shown are represent-
ative of three independent experiments with similar results. *, p � 0.05; **, p � 0.01; ***, p � 0.001 (unpaired t
test) compared with the corresponding mc-PAF-stimulated cells without pEF-C3. B, subcellular localizations of
WT HA-hPAFR and P247A with or without exposure to mc-PAF were observed by immunofluorescence confo-
cal microscopy. Twenty-four hours after transfection of HeLa cells with WT HA-hPAFR or P247A, the cells were
treated with vehicle (ethanol) or mc-PAF (1 �M) for 24 h, then subjected to immunocytochemical analysis. Top,
the early endosomes and HA-tagged hPAFRs were visualized with Alexa Fluor 546-conjugated transferrin
(upper, red) and an anti-HA antibody (green), respectively, under permeabilized conditions. Bottom, localization
of the receptors on the plasma membrane was confirmed under non-permeabilized conditions by merging
with CellMaskTM Orange Plasma Membrane Marker (red). Under these conditions, P247A was not detected with
or without mc-PAF stimulation. White bars indicate 10 �m. The data are representative of three independent
experiments with identical results. C, Western blot analysis was performed using HeLa-WT, HeLa-P247A, and
HeLa-mock cells. After incubation in the presence of Dox, these cells were treated with or without mc-PAF (1
�M) and chloroquine (30 �M) for 24 h, followed by preparation of cell lysates. Molecular standards are indicated
at the left of the gel. The data are representative of three independent experiments with identical results.
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mc-PAF, and internalization of the receptors was evaluated
with flow cytometry. The amount ofWT-PAFR on the cell sur-
face was slightly reduced (Fig. 7A), probably due to the contin-
uous internalization and recycling of the receptors from the
early endosomes (29), whereas the amount of cell surface-traf-
ficked P247A markedly decreased after stimulation with mc-
PAF, suggesting aberrant trafficking of this mutant. A site-spe-
cific method for labeling the N termini of cell surface proteins
by sortase-A was recently developed (Fig. 7B) (16, 17). By using
this technique, we specifically labeled cell surface PAFRs

in HeLa cells with Alexa Fluor 488
and compared translocation of the
labeled P247A induced by mc-PAF
with that of the WT by using con-
focal microscopy. The Alexa Fluor
-488-labeled receptors were not
detected in P247A expressing cells
without treatment of Y-24180. Al-
though a small portion of Alexa
Fluor 488-labeled WT was trans-
ported into the early endosomes, a
considerable amount of the recep-
tor was detected on the plasma
membrane due to their effective
recycling (Fig. 7C). In contrast,
Alexa Fluor 488-labeled P247A
accumulated substantially in early
endosomes after stimulation with
mc-PAF.
Taken together, these results dem-

onstrate that the P247A mutant is
transported to the cell surface by
chaperones andactivatedbymc-PAF.
However, the mutant has abnormal-
ity in trafficking, e.g. enhanced inter-
nalization, deficiency in recycling,
and/or accelerated degradation.

DISCUSSION

Although comparison of the
amino acid sequences reveals little
identity among the rhodopsin-type
family of GPCRs, many GPCRs of
this family share several common
residues in the seven transmem-
brane helices (supplemental Fig. S1)
(1, 2). In this report, to elucidate the
importance of conserved residues in
quality control and intracellular
trafficking of GPCRs in living cells
we generated various mutated
PAFRs in which these conserved
residues were replaced with ala-
nines (Fig. 1A). We successfully
identified several residues, includ-
ing Lle59, Asp63, Pro247, Asp289, and
Pro290 that could be crucial for cor-
rect folding by evaluating cell sur-

face expression of PAFRs containing mutations in these resi-
dues (Fig. 1, B and C). In particular, mutations of an aspartic
acid in TM2 or proline in TM6 resulted in a drastic decrease in
cell surface expression of the receptors and their accumulation
in the ER (Figs. 2 and supplemental S2). Helices in a peptide
chain tend to be bent at proline residues, and defects in the
GPCR ligand binding ability due to mutations of proline resi-
dues in TMs have been previously reported (14, 15, 30), sug-
gesting that proline residues in TMs are crucial for correct fold-
ing of GPCRs in the ER. Therefore, it is likely that mutating

FIGURE 7. Aberrant trafficking of P247A after stimulation with mc-PAF. A, flow cytometric analysis was
performed using HeLa-WT, HeLa-P247A, and HeLa-mock cells to evaluate the internalization of WT- and P247A-
hPAFRs. After incubation in the presence of Dox, these cells were treated with Y-24180 (100 nM) for 12 h,
followed by washes with PBS and incubation in DMEM (0.1% BSA) for 1 h to remove Y-24180. Thereafter, these
cells were or were not stimulated with mc-PAF (3 �M) for 1 h. The data are representative of three independent
experiments with identical results. B, N-terminal labeling of LPETGGGGG-tagged cell surface PAFRs with
LPETGG-tethered Alexa Fluor 488 by sortase-A. The first step, preincubation of the cells expressing LPET-
GGGGG-tagged PAFRs with sortase-A and triglycine, allowed cleavage between the threonine and glycine of
the LPETGGGGG tag, resulting in presentation of a pentaglycine tag at the N termini of the target PAFRs. In the
following step, labeling of the target receptors with chemical probes was achieved by incubation of the cells
with sortase-A and LPETGG-tethered Alexa Fluor 488. C, subcellular localizations of WT-hPAFR and P247A with
or without stimulation of mc-PAF were observed by immunofluorescence confocal microscopy. After HeLa-WT
and HeLa-P247A were cultured in the presence of Dox, these cells were pre-treated with or without Y-24180
(100 nM) for 12 h, followed by washes with PBS. The cell surface-trafficked receptors were specifically labeled
with Alexa Fluor 488 by sortase-A as described in B. Thereafter, these cells were stimulated with or without
mc-PAF (3 �M) for 1 h in the presence of Alexa Fluor 546-conjugated transferrin (50 �g/ml), and then subjected
to immunocytochemical analysis. The early endosomes were visualized by Alexa Fluor 546-conjugated trans-
ferrin (red), and Alexa Fluor 488-labeled PAFRs are shown in green. White bars indicate 10 �m. The data are
representative of three independent experiments with identical results.
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Pro247 caused amarked conformational change of the receptor.
Likewise, the crystal structure of rhodopsin (7) suggests that the
aspartic acid inTM2makes a hydrogen bondwith asparagine in
TM1 and alanine in TM7; therefore, it too might contribute to
the correct folding of GPCRs. Interestingly, single nucleotide
polymorphisms of prolines in TM6 of rhodopsin (31) and the
V2 vasopressin receptor (32, 33) and aspartic acids in TM2 of
the P2Y5/LPA6 receptor (34, 35) and melanocortin 1 receptor
(36) have been reported. Although precise analyses of these
mutants have not been completed, these mutant receptors
might be eliminated by the ER-associated degradation system
because of their aberrant structures. In this study, Y-24180 was
able to augment cell surface expression and reduce ubiquitina-
tion of the mutant PAFRs, implying that specific ligands for
PAFR act as pharmacological chaperones to enhance the ER
export of these mutants (Figs. 4, A and B, and supplemental S3
and S4).
We observed that most of the mutant PAFRs had impaired

cell surface expression, probably due to lack of ER export. In
general, accumulation of aberrant GPCRs in the ER can lead to
two different phenotypes in cells: loss of function because of the
deficiency in the cell surface expression (8, 9) and ER stress by
the accumulation of aberrant proteins (37). Pharmacological
chaperones can rescue both phenotypes by promoting protein
trafficking from the ER to the cell surface (38–43).
Previously, several groups have demonstrated that the con-

served aspartic acid in TM2 is structurally required for G-pro-
tein coupling to the receptor in PAFR and other GPCRs (44).
For example, Parent et al. (45) reported that substitution of
Asp63 to asparagine in PAFR resulted in impairment of the acti-
vation of coupled G-proteins without significant alteration of
the binding affinity to PAF. In Fig. 5, we obtained supporting
results that PAF-elicitedCa2�mobilizationwas not observed in
D63A expressing cells, although a significant amount of the
receptors was trafficked to the cell surface after Y-24180 treat-
ment. It supports the idea that Asp63 is pivotal for activation of
coupled G-proteins. More structural studies will clarify the
importance of this residue for the function of GPCRs.
In this study, we further found that mc-PAF does not

increase the expression of P247A on the cell surface. We con-
cluded that following treatment with mc-PAF, P247A is traf-
ficked to the cell surface but is then immediately internalized
after ligand stimulation, because 1) mc-PAF activated P247A
and the WT receptor similarly (Figs. 5A and 6A); 2) P247A
accumulated in the early endosomes after treatment with mc-
PAF (Fig. 6B); and 3) the fully glycosylated form of P247A
appeared after treatment with chloroquine, a lysosomal
inhibitor (Fig. 6C). Moreover, we suggest that, unlike the
WT receptor, P247A has an abnormality in trafficking, such
as enhanced internalization, deficiency in recycling, and/or
accelerated degradation after stimulation with agonist (Fig.
7A). The aberrance of P247A trafficking is also supported by
the results using a novel labeling method for cell surface
receptors (Fig. 7, B and C). Several groups have recently
reported that carrier proteins, e.g. Rab4 and Rab11, are
required for recycling of GPCRs (46, 47). The structural
aberrance of P247A might result in both deficient ER export

and a lack of interaction with various proteins required for
recycling from the early endosomes.
In summary, our data demonstrate that some of the con-

served residues of GPCRs have important roles in correct fold-
ing and trafficking. However, what defines the behavior of
GPCRs is not fully understood, and further studies are needed
to address this issue. Although many studies have focused on
the roles of conserved amino acids in GPCR functions, new
methods, such as forced trafficking by pharmacological chap-
erones and sortase-A-mediated labeling for cell surface pro-
teins, could provide additional information.
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