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Among human N-formyl peptide chemoattractant receptors,
FPR2/ALX and FPR3 share the highest degree of amino acid
identity (83%), and trigger similar cell responses upon ligand
binding. Although FPR2/ALX is a promiscuous receptor, FPR3
has only one specific high affinity ligand, F2L, and a more
restricted tissue/cell distribution. In this study, we showed that
FPR2/ALXbehaved as the prototypical receptor FPR1. The ago-
nist-dependent phosphorylationused ahierarchicalmechanism
with a prominent role of Ser329, Thr332, and Thr335. Phosphory-
lation of FPR2/ALX was essential for its desensitization but the
lack of phosphorylation did not result in enhanced or sustained
responses. In contrast, resting FPR3 displayed amarked level of
phosphorylation, which was only slightly increased upon ago-
nist stimulation. Another noticeable difference between the two
receptors was their subcellular distribution in unstimulated
cells. Although FPR2/ALX was evenly distributed at the plasma
membrane FPR3was localized in small intracellular vesicles. By
swappingdomains betweenFPR2/ALXandFPR3,weuncovered
thedeterminants involved in thebasal phosphorylationof FPR3.
Experiments aimed at monitoring receptor-bound antibody
uptake showed that the intracellular distribution of FPR3
resulted from a constitutive internalization that was indepen-
dent of C terminus phosphorylation. Unexpectedly, exchanging
residues 1 to 53, which encompass the N-terminal extracellular
region and the first transmembrane domain, between FPR2/
ALX and FPR3 switched localization of the receptors from the
plasma membrane to intracellular vesicles and vice versa. A
clathrin-independent, possibly caveolae-dependent, mecha-
nism was involved in FPR3 constitutive internalization. The
peculiar behavior of FPR3 most probably serves distinct physi-
ological functions that remain largely unknown.

The human formyl peptide receptors (FPRs)2 are primarily
myeloid cell receptors but are also expressed in nonmyeloid

cells in multiple organs and tissues. In human, three genes
encode three subtypes known as FPR1, FPR2/ALX, and FPR3
according to the recently recommended nomenclature (1). For-
merly andmost frequently in the literature, FPR1was known as
FPR, FPR2/ALXwas referred to as FPRL1 (FPR-like receptor 1)
or ALXR, and FPR3 was noted as FPRL2. Human FPRs belong
to theG protein-coupled chemoattractant receptors, a subfam-
ily of seven transmembrane domain G protein-coupled recep-
tors (GPCRs). Evidence for an important role of FPRs both in
infective and inflammatory processes is well documented in the
literature. Multiple ligands, the majority of which are peptides,
have been identified for the FPRs making them one of the most
promiscuous receptor families (1). N-Formyl peptides that are
breakdown products of bacterial and mitochondrial proteins
(2) are ligands common to the three receptors. A large number
of microbe- or host-derived nonformylated peptides, as well as
library-derived synthetic peptides have been described as
potent agonists for FPR2/ALX. Among them, the hexapeptide
WKYMVM (Trp-Lys-Tyr-Met-Val-Met-NH2) is a selective
agonist of FPR2/ALX, whereasWKYMVm (Trp-Lys-Tyr-Met-
Val-D-Met-NH2)was found to be a potent agonist of FPR2/ALX
and FPR1, and a weaker activator of FPR3 (3). So far, FPR3 has
only one high-affinity endogenous ligand known as F2L that
promotes calcium mobilization and chemotaxis (4). F2L is an
acetylated amino-terminal peptide derived from the cleavage of
the human heme-binding protein.
The sequence identity between the three receptors is high

and the activation of all three receptors triggers similar cellular
responses involved in bactericidal functions such as superoxide
production and release of granule constituents that cause tissue
damage and killing of bacteria. Because excessive cellular
responses may have harmful effects, a fine regulation of recep-
tor activation must be maintained. After stimulation with the
agonist, the cellular responses rapidly decline in intensity and
cells become refractory to subsequent stimulation with the
same agonist. This loss of responsiveness termed receptor
desensitization is a common feature of GPCRs, which is
believed to be the conjunction of receptor-G protein uncou-
pling and receptor removal from the cell surface through ago-
nist-mediated receptor internalization. It is well established
that most, if not all, GPCRs have cytoplasmic loci of phosphor-
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ylation. Following ligand binding,GPCRs adopt a conformation
that catalyzes the activation of the G protein and become sus-
ceptible to interact with, and be phosphorylated by one of theG
protein-coupled receptor kinases on serine/threonine residues
located in the intracellular loops and the cytoplasmic carboxyl
tail. This phosphorylation process promotes the high-affinity
binding of �-arrestins to the receptor, thereby preventing fur-
ther coupling to G proteins (5). The �-arrestins target many
GPCRs for internalization in clathrin-coated vesicles via a
direct interaction of their carboxyl-terminal domain with both
clathrin and the clathrin adaptor AP2 (6, 7). The very high
degree of amino acid identity between the sequences of the
carboxyl-terminal tail of the three N-formyl peptide receptors
(presented in Fig. 1A) suggests that they may share common
mechanisms of regulation. However, in the case of FPR1, it has
been shown that �-arrestins are dispensable for receptor inter-
nalization but phosphorylation is a prerequisite (8). FPR1 phos-
phorylation is sufficient to inhibit interactions with the G-pro-
tein (9–11). In contrast, FPR2/ALX internalization was found
to be a �-arrestin-dependent process (12). Upon agonist bind-
ing, FPR1 is phosphorylated on serines and threonines in the
carboxyl tail (13). Eight of the 11 serines and threonines in the
carboxyl tail of FPR1 have been found to be critical for FPR1
desensitization and internalization (14, 15). Likewise, FPR2/
ALX is phosphorylated in an agonist-dependent manner but
the sites that are phosphorylated or critical for phosphorylation
have not yet been identified. Little is known as to the exact
involvement of phosphorylation in FPR2/ALX desensitization
and internalization. In contrast to FPR1 and FPR2/ALX, FPR3
displays a marked basal phosphorylation in the absence of ago-
nist stimulation (3).
In this study, we identified the phosphoacceptor sites that are

critical for agonist-mediated phosphorylation of FPR2/ALX by
testing a series of serine/threonine to alanine replacement
mutants for their ability to be phosphorylated in response to
agonist binding. In addition, we determined the role of FPR2/
ALX phosphorylation in receptor desensitization. By exchang-
ing domains between FPR2/ALX and FPR3, we uncovered the
determinants involved in basal phosphorylation of FPR3. A pat-
tern of receptor distribution in small vesicles with an intracel-
lular localization was observed by immunofluorescence in
unstimulated FPR3-transfected cells. Experiments aimed at
monitoring receptor-bound antibody uptake showed that the
intracellular distribution of FPR3 results from a constitutive
internalization. The amino acid sequence encompassing the
N-terminal region and the first transmembrane domain (amino
acids 1 to 53) contains the sequence determinants that govern
the constitutive internalization and vesicular localization of
FPR3. A clathrin-independent, possibly caveolae-mediated,
pathway seemed to be involved in the constitutive internaliza-
tion of FPR3.

EXPERIMENTAL PROCEDURES

Construction of FPR2/ALX (FPR2) Phosphorylation Mutants—
The serines and threonines present in the C-terminal cytoplas-
mic domain of FPR2/ALX were grouped in three clusters,
referred to as clusters A, B, or C, as illustrated in Fig. 1B. Serines
and threonines were replaced by alanines in each cluster. Clus-

ters were mutated alone or in combination. Mutant receptors
were created by using the PCR strategy described by Yon and
Fried (16). Briefly, using FPR2/ALX inCDM8as a template, two
intermediary polymerase chain reaction fragments, PCR1 and
PCR2, were generated with two couples of primers. PCR1 was
produced with a sense primer located upstream from the start
codon. The 5�-end of the primer contained an extension with
an appropriate restriction site for further ligation in an expres-
sion vector, whereas the reverse primer carried the desired
mutations. Likewise, PCR2 was created with a sense primer,
which is complementary to the reverse primer used for the syn-
thesis of PCR1, and a reverse primer, located downstream from
the stop codon, with an appropriate restriction site. After puri-
fication, the two PCR fragments were mixed, denatured, and
hybridized. The mixture was used to generate PCR3, which
contains the entire sequence of the mutated FPR2/ALX. Ten
cycles of amplification were first performed in the absence of
primers to increase the number of copies of full-length cDNA
carrying the mutations on both strands. Then, 35 cycles of
amplification were carried out in the presence of the sense and
reverse primers used to generate PCR1 and PCR2. PCR3 was
cleaved with the appropriate restriction enzymes for ligation in
pCDNA3.1 (Invitrogen) or pEF-neo (17). For each mutant
receptor, plasmid cDNA was prepared and the open reading
frame was entirely sequenced.
Construction of Chimeric Receptors—Chimeric receptors

FPR3-R2 and FPR2-R3 were constructed by swapping the cyto-
plasmic C-terminal domain of FPR3 for that of FPR2/ALX and
conversely. The construction of the chimeras was greatly facil-
itated by the presence of a conserved PvuII restriction site
located in the nucleotide sequence coding for the end of the
seventh transmembrane domain. A chimeric receptor, inwhich
the C-terminal domain was replaced by FPR2/ALXwith all ser-
ines and threoninesmutated into alanines, was constructed and
referred to as FPR3-R2-ABC. The wild type forms of the 3HA-
tagged FPR2/ALX and FPR3 were purchased from the UMR
cDNA Resource Center, University of Missouri-Rolla. Taking
advantage of the presence of a unique BspEI restriction site, a
chimeric receptor, named 3HA-FPR2(1–53)-R3, was engi-
neered that combined the N-terminal 3HA-tagged domain
(amino acids 1 to 53) of FPR2/ALX with amino acids 54 to 353
of FPR3. The converse chimeric receptor, named 3HA-
FPR3(1–53)-R2, was also constructed that combined theN-ter-
minal 3HA-tagged domain (amino acids 1 to 53) of FPR3 with
amino acids 54 to 351 of FPR2/ALX.
Cell Culture and Transfection—HEK293 and HEK293T cells

andHL60 cells were obtained from the American Type Culture
Collection. Cells were cultured at 37 °C in a humidified atmo-
sphere with 5% CO2 in Dulbecco’s modified Eagle’s/F-12/
GlutaMAX I medium (HEK293 and HEK293T cells) or RPMI
1640medium/GlutaMax I (HL60 cells) supplemented with 100
units/ml of penicillin, 100 �g/ml of streptomycin, and 10%
heat-inactivated fetal calf serum. Themaximal density of HL60
cells was maintained below 2 � 106 cells/ml and cells were
centrifuged at each passage. Culture medium, serum, and anti-
biotics were obtained from Invitrogen.
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Transient Expression ofWildType FPR2/ALX,Mutant FPR2/
ALX, FPR3, and Receptor Chimeras in HEK293 Cells—Lipo-
fectamine 2000� (Invitrogen) was used for transient DNA
transfections. HEK293 andHEK293T cells were grown to reach
�80% confluence and transfections were performed according
to the manufacturer’s recommendations.
Stable Expression of FPR2/ALX and Phosphorylation-defi-

cient Mutant FPR2-ABC in HL60 Cells—Wild type FPR2/ALX
and phosphorylation-deficient mutant FPR2-ABC were stably
expressed in undifferentiated HL60 cells. Transfection of HL60
cells was performed by electroporationwith a gene pulser appa-
ratus (Bio-Rad) as previously described (18). Following electro-
poration, cells were allowed to recover in 20 ml of culture
medium for 48 h prior to selection in medium containing 1
mg/ml of G418 (Geneticin, Invitrogen). G418-resistant clones
were obtained by limited dilution into 24-well microtiter plates
and receptor-expressing clones were identified for their abil-
ity to mobilize intracellular calcium upon addition of the
WKYMVmpeptide (100 nM final concentration). The hexapep-
tide WKYMVm was synthesized and HPLC purified by Neo-
System (Strasbourg, France).
Metabolic Labeling and Immunoprecipitation of the Phos-

phorylated Receptors—HEK293T cells were seeded in duplicate
in Costar 6-well plates and transfected with wild type FPR2/
ALX, mutated FPR2/ALX, FPR3, or chimeric receptors. One
plate was used to determine the level of cell surface receptor
expression, whereas the second plate was used to assess their
ability to be phosphorylated after metabolic labeling with
[32P]orthophosphoric acid (0.3–0.5 mCi/ml) as previously
described (19). Receptor phosphorylation was initiated by the
addition of WKYMVm (1 �M final concentration) or F2L pep-
tide (1 �M final concentration). F2L peptide was obtained from
AnyGen (Gwangju, Korea). After a 15-min stimulation, cells
were lysed, and phosphorylated receptors were immunopre-
cipitated as previously described with affinity-purified rabbit
IgGs directed against the last 10 residues (PPAETELQAM) of
FPR2/ALX (3). These IgGs cross-react with the corresponding
sequence (PPEETELQAM) in FPR3. 3HA-tagged receptors
were immunoprecipited with a mouse monoclonal anti-HA
antibody (12CA5, Roche Diagnostics). To analyze receptor
phosphorylation, immunoprecipitates were treated with 2-fold
Laemmli sample buffer under reducing conditions for 10min at
50 °C and then subjected to SDS-PAGE and autoradiography.
Peptide Iodination and Binding Assays on Cells Expressing

Wild Type and Mutant Forms of FPR2/ALX—The highly
potent FPR2/ALX agonist WKYMVm was labeled with 125I as
previously described (3). HEK293T cells expressingwild type or
mutant forms of FPR2/ALX were incubated for 1 h at 4 °C with
increasing concentrations of 125I-labeledWKYMVmpeptide in
RPMI medium and 0.5% bovine serum albumin (BSA) supple-
mented or not with an excess of nonradioactive peptide. Cells
were washed three times with chilled phosphate-buffered
saline, lysed in 2 N NaOH, and bound radioactivity was
recorded in a �-counter. The results were expressed as the per-
centage of 125I-labeled peptide bound on wild type FPR2/ALX
expressing cells.
Intracellular Calcium Mobilization—The Fura 2-based cal-

cium mobilization assay in transfected HL60 cells was per-

formed as previously described (20). For desensitization of the
calcium mobilization response, Fura 2-loaded cells were stim-
ulated with or without 100 nM WKYMVm for 10 min at 37 °C.
Cells were washed three times at room temperature to remove
the peptide, and subsequently assayed for calciummobilization
in response to different concentrations of WKYMVm.
ERK1/2 Phosphorylation—HL60 cells that stably expressed

the wild type or nonphosphorylated forms of FPR2/ALX were
stimulated with the hexapeptideWKYMVm (100 nM final con-
centration) in RPMI 1640 for various periods of time at 37 °C.
Cells were lysed in 2-fold Laemmli sample buffer and briefly
sonicated. Proteins were resolved by electrophoresis on 10%
SDS-PAGE and transferred to nitrocellulose membrane for
Western blotting. Phosphorylated ERK1/2 were detected by
immunoblotting with anti-phospho-ERK1/2 (E4) obtained
from Santa Cruz Biotechnologies. Immunoblot analysis with
polyclonal anti-ERK2 antibody (C14, Santa Cruz Biotechnol-
ogy) was performed to confirm that the same amounts of pro-
teinswere loaded. Antigen-antibody complexeswere visualized
after incubating the membrane with goat anti-mouse IgG or
goat anti-rabbit IgG antibody coupled to horseradish peroxi-
dase using an enhanced chemiluminescence (ECL) detection
system (Amersham Biosciences). Phosphorylated ERK2 signals
were quantified by densitometry using ImageJ software
(National Institute of Health).
Immunofluorescence—HEK293 cells were plated into poly-D-

lysine-coated 8-chamber glass bottomed LAB-TEK� (Nalge
Nunc International, Hereford, UK). HEK293 cells were tran-
siently transfected to express FPR2/ALX, FPR3, or chimeric
receptors with Lipofectamine 2000� according to themanufac-
turer’s instructions (Invitrogen). In some experiments, the plas-
mid encoding 3HA-tagged FPR3 was co-transfected with a
plasmid encoding �-arrestin 2 fused to EGFP, a plasmid encod-
ing a dominant-negative mutant of dynamin (dynamin K44A),
or a plasmid encoding the fragment 318–419 of �-arrestin 1
fused to EGFP.We described and used these plasmids in previ-
ous work (21). Two days after transfection, cells were fixedwith
3%paraformaldehyde in PBS supplementedwith 2% sucrose for
30 min at room temperature, quenched with 50 mM NH4Cl in
RPMI 1640 for 15 min, and permeabilized with 0.1% Nonidet
P-40 for 10 min. Fixed and permeabilized cells were incubated
with blocking buffer (2%BSA inRPMI 1640) for 30min at room
temperature. The receptors were labeled for 1 h at room tem-
perature with the polyclonal anti-FPR2 antibody or with the
anti-HAmonoclonal antibody (12CA5) at 1 �g/ml when 3HA-
tagged receptorswere expressed. Cells werewashed three times
and incubated with green fluorescent Alexa 488-conjugated
goat anti-rabbit or anti-mouse antibody, or red fluorescent
Alexa 568-conjugated goat anti-mouse antibody (Molecular
Probes, Eugene, OR) for 30 min at room temperature. After
washing, cells were embedded in anti-quenching medium
DABCO (2.3% 1,4-diazabicyclo(2,2,2)octane), 50% glycerol,
10% 0.2 M Tris-HCl, pH 8.0, 0.02% NaN3. Fluorescence micro-
graphs and layouts were performed using a Leica DMIRE2
inversemicroscope equipped with a digital Leica DC350F cam-
era using the QFluoro software (Leica Microsystems).
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Constitutive Receptor Internalization Assay Monitored by
Antibody Uptake—HEK293 cells were transiently transfected
to express 3HA-tagged receptors. Two days after transfection,
cells were incubated for 30 min at 37 °C, with the monoclonal
mouse anti-HA antibody diluted at 1 �g/ml in pre-warmed
RPMI, 2% BSA medium. As a control, cells were incubated for
the same period of time in ice-cold RPMI, 2% BSA supple-
mented with monoclonal antibody. In some experiments, the
transferrin receptor was tracked by adding transferrin Alexa
Fluor 568 conjugate (15 �g/ml) 15 min after antibody uptake
had been initiated. In another series of experiments, cells were
simultaneously treated for 30min at 37 °Cwith themonoclonal
anti-HA antibody and filipin III (5 �g/ml) diluted in RPMI, 2%
BSA medium. Cells were also co-transfected with the plasmid
encoding 3HA-tagged FPR3 and a plasmid encoding a domi-
nant-negative mutant of dynamin 1 (dynamin K44A) or a plas-
mid encoding the �-arrestin 1(318–418)-EGFP fusion. After
being washed in RPMI medium, cells were immediately
fixed, permeabilized, and treated for immunofluorescence as
described in the previous section.

RESULTS

Agonist-induced Phosphorylation of FPR2/ALX and FPR3—De-
spite a high level of amino acid identity between FPR2/ALX and
FPR3, especially in the transmembrane and cytoplasmic
regions (Fig. 1A), FPR3 is phosphorylated in the absence of
agonist binding, whereas FPR2/ALX is not (3). In this study, we
compared the phosphorylation of each receptor induced by
their respective high-affinity agonist. The hexapeptide
WKYMVm displays a high affinity for FPR2/ALX and a low
affinity for FPR3 (3). The acetylated peptide F2L, an amino-
terminal cleavage product of the human heme-binding protein,
is the sole high-affinity ligand identified for FPR3 (4). As illus-
trated in Fig. 2 (left panel), the incorporation of 32P in FPR2/
ALXwas strictly dependent on the binding ofWKYMVm. Even
at a high concentration, F2L was unable to induce phosphory-
lation of FPR2/ALX. Compared with FPR2/ALX, FPR3 dis-
played a significant level of phosphorylation even in the absence
of stimulation (Fig. 2, right panel, first lane).We thus confirmed
the basal phosphorylation of FPR3. The binding of WKYMVm

FIGURE 1. Schematic representation of mutant and chimeric receptors. A, alignment of the primary sequence of the intracellular carboxyl terminus of
human FPR1, FPR2/ALX, and FPR3. Residues that are identical in FPR2/ALX and FPR3 are linked by a vertical hyphen. B, amino acid sequence of the carboxyl
terminus of wild type FPR2/ALX and location of point mutations in FPR2/ALX. Positions of putative phosphorylation sites in the primary sequence of the wild
type FPR2/ALX C terminus are indicated in bold. Altered residues are shown for the different mutants. Residues corresponding to the anti-FPR2 epitope are
underlined. C, schematic representation of wild type and chimeric receptors obtained by swapping C-terminal or N-terminal domains. The topology of
FPR2/ALX (black lines) and FPR3 (gray lines) in chimeric receptors is illustrated.
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to FPR3 barely increased the incorporation of 32P in FPR3 (Fig.
2, right panel, second lane) even though it was previously shown
to induce a robust calcium mobilization in FPR3 expressing
HL60 cells (3). Surprisingly, although F2L has been described as
a high-affinity agonist for FPR3, it behaved as a weak inducer of
FPR3 phosphorylation (Fig. 2, right panel, third lane).
Identification of Phosphorylated Sites in the Agonist-depen-

dent Phosphorylation of FPR2/ALX—In preliminary experi-
ments, phosphoamino acid analysis was used to determine the
nature of the phosphoacceptor sites of FPR2/ALX as described
previously (22). The phosphoamino acids resulting from acid
hydrolysis of the 32P-labeled FPR2/ALX were resolved on thin
layer cellulose plates by two-dimensional electrophoresis and
visualized by autoradiography. The 32P-labeled FPR2/ALX
contained phosphoserines and to a lesser extent phosphothre-
onines (data not shown). This correlated with the amino acid
sequence, and the extent of FPR2/ALX labeling was propor-
tional to the number of serine and threonine residues present in
the C-terminal tail.
To determine which serine and threonine residues were

involved in agonist-mediated FPR2/ALX phosphorylation, a
series of mutants were generated by changing one cluster of
three Ser/Thr at a time (mutant A, B, and C in Fig. 1B). Four
additional mutants were generated in which two of three clus-
ters were mutated simultaneously (AB, AC, and BCmutants in
Fig. 1B) or in which the three clusters have been mutated
(mutantABC in Fig. 1B). In this latter case, all serines and thre-
onines were replaced by alanines, except Thr346, which is
located in the antigenic epitope (PPAETELQAM) recognized
by the rabbit polyclonal antibody. Judging from the binding of
125I-labeled WKYMVm (Fig. 3, A and B, left panel), wild type
andmutant receptors exhibited similar levels of surface expres-
sion. The agonist-mediated phosphorylation of FPR2-B was
markedly reduced, whereas the level of phosphorylation for

both FPR2-A and FPR2-C remained comparable with that
observed with the wild type receptor (Fig. 3A, right panel).
Moreover, the alanine substitution in both clusters A and C
yielded a mutant (FPR2-AC) that had conserved a significant
capacity to incorporate 32P, indicating that the main phospho-
acceptor sites are located in cluster B (Fig. 3B, right panel). As
expected, mutants that associated mutations in cluster B and
either cluster A or C (mutants FPR2-AB and FPR2-BC) exhib-
ited a phosphorylation close to the background level (Fig. 3B,
right panel). The replacement of all serines and threonines by
alanines yielded a receptor (FPR2-ABC) unable to incorporate
radioactive phosphate. The lack of phosphorylation of this
mutant indicated that no other phosphorylation site within the
intracellular loops was involved. Altogether, these results sug-
gest that the phosphoacceptor sites within cluster B are essen-
tial for receptor phosphorylation, and that the agonist-medi-
ated phosphorylation of FPR2/ALX proceeds in a hierarchical
manner.
Agonist-induced Calcium Mobilization and ERK1/2 Phos-

phorylation by Wild Type FPR2/ALX and Its Nonphosphory-
lated Mutant Form FPR2-ABC—Ligand binding to N-formyl
peptide receptors induces the activation of a number of effec-
tors triggering intracellular signaling pathways, thereby initiat-
ing cellular responses such as chemotaxis, superoxide produc-
tion, and degranulation. Despite the persistent presence of
chemoattractants, the intracellular signaling events elicited by
chemoattractant receptors are transient. This attenuated
responsiveness is thought to result from the desensitization of
receptors through their phosphorylation and rapid sequestra-
tion.Onewould thus predict that the lack of phosphorylation of
FPR2-ABC should result in prolonged intracellular signaling.
To compare the functionality of wild type and nonphosphor-

ylated forms of FPR2/ALX, we stably expressed each receptor
in HL60 cells, a myeloid cell line of physiological relevance that
does not express FPR2/ALX unless differentiated in neutro-
phil-like cells. The ability of wild type and mutant expressing
cells to mobilize intracellular calcium after agonist stimulation
was determined by monitoring calcium fluxes with Fura 2. As
shown in Fig. 4A, mutant receptor triggered a calcium response
similar to that of the wild type receptor. Whether analysis was
performed in the presence (Fig. 4A, left panel) or absence (Fig.
4A, right panel) of extracellular calcium, the extents of calcium
responses as well as the kinetics of decay to basal calcium levels
were similar. Wild type FPR2/ALX and mutant FPR2-ABC
were further compared with respect to the activation of the
MAP kinase pathway in HL60 cells (Fig. 4B). As previously
observed for the calcium response, the absence of FPR2/ALX
phosphorylation had no impact on the extent or the kinetics of
ERK1/2 activation.
Desensitization of CalciumMobilization byWild Type FPR2/

ALX andMutant FPR2-ABC—To investigate receptor desensi-
tization, we compared the ability of wild type FPR2/ALX and
FPR2-ABC to stimulate intracellular calcium movement fol-
lowing a previous exposure to agonist. Desensitization was
accomplished by treating stably transfected HL60 cells with a
saturating dose of WKYMVm for 10 min at 37 °C. Cells were
washed extensively to remove the peptide, and assayed for cal-
cium mobilization in response to various concentrations of

FIGURE 2. Agonist-induced phosphorylation of FPR2/ALX and FPR3.
HEK293T cells expressing wild type FPR2/ALX (right panel) or FPR3 (left panel)
were metabolically labeled with [32P]orthophosphoric acid and incubated for
15 min at 37 °C with no agonist (first lane), 1 �M WKYMVm (second lane), or 1
�M F2L (third lane). After cell lysis, receptors were immunoprecipitated with
an antibody directed against the last 10 amino acids of FPR2/ALX that cross-
reacts with FPR3. Immunoprecipitates were treated with 2-fold Laemmli sam-
ple buffer and subjected to SDS-PAGE and autoradiography. Data are repre-
sentative of three independent experiments.
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WKYMVm. Wild type receptor expressing cells were desensi-
tized as evidenced by the absence of response even at high con-
centrations of ligand (Fig. 5A). In contrast, the nonphosphory-
lated mutant FPR2-ABC was refractory to desensitization,
exhibiting a similar dose-response curve after the second ago-
nist stimulation as compared with cells that had not been
desensitized (Fig. 5B). Thus, although the lack of phosphoryla-
tion of FPR2/ALX did not result in prolonged or enhanced cel-
lular responses, phosphorylation of the C terminus of FPR2/
ALX is essential for its desensitization.
FPR3 Constitutive Phosphorylation—To identify the deter-

minant(s) responsible for the basal phosphorylation of FPR3,

we first engineered two reciprocal chimeras, FPR2-R3 (FPR2/
ALXwith theC terminus of FPR3) and FPR3-R2 (FPR3with the
C terminus of FPR2/ALX) (see Fig. 1C). These chimeras were
transiently expressed in HEK293 cells and their phosphoryla-
tion was compared with FPR2 and FPR3 in the absence of ago-
nist stimulation. As shown in Fig. 6A, the C terminus of FPR3,
in the context of the chimera FPR2-R3was not phosphorylated,
whereas radioactive phosphate was incorporated in the con-
verse chimera FPR3-R2. Thus, in the absence of agonist, FPR3
incorporated 32P whether it bears its own C-terminal domain
or that of FPR2/ALX. This suggests that it is the core of the
receptor extending from the N terminus to the end of the sev-

FIGURE 3. Cell surface expression and phosphorylation of the wild type and mutant forms of FPR2/ALX. A, cell surface expression. HEK293T cells
expressing wild type or mutant FPR2/ALX were incubated with increasing concentrations of 125I-labeled WKYMVm peptide for 1 h at 4 °C. Radioactivity
specifically bound to cells was recorded with a �-counter. The results are expressed as the percentage of 125I-labeled peptide bound on wild type FPR2/ALX
expressing cells. B, receptor phosphorylation. HEK293T cells that expressed wild type or mutant forms of FPR2/ALX were metabolically labeled with
[32P]orthophosphoric acid. Cells were stimulated with 100 nM WKYMVm for 15 min at 37 °C. Receptors were immunoprecipitated from cell lysates with an
antibody directed against the last 10 amino acids of FPR2/ALX. Receptor immunoprecipitates were resolved by SDS-PAGE and analyzed by autoradiography.
Data are representative of three independent experiments.
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enth transmembrane domain rather than the cytoplasmic
C-terminal amino acid sequence itself that confers to FPR3 the
capacity to be phosphorylated in the absence of stimulation.
To gain further insight on the molecular determinants

responsible for basal phosphorylation of FPR3, additional chi-
meric receptors were engineered by swapping N-terminal
domains and transiently expressed in HEK293 cells. These chi-
meras were constructed from receptors tagged with a triple HA
sequence at the N terminus. Ligand binding or signaling pro-
files of wild type FPR2/ALX and FPR3 receptors were not
affected by insertion of the 3HA sequence (data not shown).
The chimera named3HA-FPR2(1–53)-R3 combined theN-ter-
minal 3HA-tagged domain (amino acids 1 to 53) of FPR2/ALX
with amino acids 54 to 353 of FPR3. The converse chimeric
receptor was named 3HA-FPR3(1–53)-R2 (see Fig. 1C). The
domain 1–53 encompasses the extracellular N terminus and

the first transmembrane domain of the receptors. As shown in
Fig. 6B, the chimeric receptor 3HA-FPR2(1–53)-R3 exhibited a
level of basal phosphorylation similar to that observed with
3HA-FPR3.The faster electrophoreticmobility results from the
difference in the number of glycosylation sites in the N-termi-
nal domain. No basal phosphorylation could be detected with
the reciprocal chimera 3HA-FPR3(1–53)-R2. Thus,N-terminal
domain 1–53 does not contain the determinants that drive the
specific conformation responsible for basal phosphorylation of
FPR3.
Constitutive Internalization of FPR3—Phosphorylation of

the receptor C-terminal domain is a key step for agonist-medi-
ated receptor internalization. We have previously shown by
immunofluorescence experiments that upon binding of the
agonist peptide WKYMVm, both FPR2/ALX and FPR3
expressed in RINm5F cells accumulated in large intracellular

FIGURE 4. Agonist-induced intracellular signaling by the wild type FPR2/ALX and mutant FPR2-ABC. A, agonist-induced calcium mobilization. HL60 cells
expressing the wild type (solid line) and mutant form of FPR2/ALX (dashed line) were analyzed for agonist-induced desensitization of calcium mobilization.
Following loading with Fura2, cells were stimulated with 100 nM WKYMVm and assayed for calcium mobilization in the presence (left panel) or absence (right
panel) of extracellular calcium. Data are expressed as mean responses � S.E. (n � 3). B, agonist-induced ERK1/2 phosphorylation. HL60 cells expressing the wild
type FPR2/ALX and the mutant FPR2-ABC were stimulated with 100 nM WKYMVm for various periods of time. Phosphorylation of ERK1/2 was visualized by
immunoblotting with anti-phospho-ERK1/2 antibody (upper panel). Blots are representative of three experiments. Western blot analyses with an anti-ERK2
antibody were performed to check that an equal amount of ERK2 was present in each sample (not shown). Phosphorylation of ERK2 was subsequently
quantified by densitometry (lower panel). The results are expressed in percent of maximum phosphorylation in wild type expressing cells. Values in graphs
represent the mean � S.E. from three independent experiments.
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vesicles (3). However, in the absence of stimulation, distribu-
tion of the two receptors was different. FPR2/ALX was evenly
distributed at the cell surface as evidenced by fluorescent
immunostaining of the plasma membrane, whereas FPR3 was
mainly detected as a punctuate intracellular fluorescence.
To further investigate the peculiar behavior of FPR3, FPR2/

ALX and FPR3 were transiently expressed in HEK293 cells. As
shown in Fig. 7A, FPR2/ALX was evenly distributed at the cell
surface, as illustrated by the bright fluorescent staining of the
plasma membrane (Fig. 7A, left panels). In contrast, in cells
expressing FPR3, fluorescent vesicles were seen throughout the

cytoplasm (Fig. 7A, right panels). The distribution pattern of
constitutively phosphorylated chimera FPR3-R2 was also
examined. As shown in Fig. 7B, the fluorescence pattern of this
chimera was similar to that of FPR3, suggesting that the consti-
tutive phosphorylation of the receptormay be associated with a
constitutive internalization of the receptor in the absence of
agonist stimulation.However, the chimeric receptor (FPR3-R2-
ABC), which comprises the nonphosphorylated C terminus of
FPR2-ABC exhibited also a punctuate distribution throughout
the cytoplasm similar to that observedwith FPR3 and FPR3-R2.
To directly examine whether wild type and mutant FPR3

reached the cell surface and rapidly accumulate in endocytic
vesicles or were retained in the endoplasmic reticulum due to
improper protein folding, we performed antibody uptake
experiments using receptors tagged at the N terminus with a
tripleHA epitope. As shown in Fig. 7A, the presence of the 3HA
tag did not modify the distribution pattern of the receptors.

FIGURE 5. Desensitization of calcium mobilization by wild type FPR2/ALX
and phosphorylation-deficient mutant FPR2-ABC. HL60 cells expressing
FPR2/ALX (A) and FPR2-ABC (B) were analyzed for agonist-induced desensiti-
zation of calcium mobilization. Fura-2-loaded cells were incubated with
either 100 nM WKYMVm (black symbols) or vehicle (clear symbols) for 10 min at
37 °C. Cells were then washed three times at room temperature and subse-
quently assayed for calcium mobilization in response to various doses of
WKYMVm. Data expressed in percent of the maximum response are repre-
sentative of three independent experiments.

FIGURE 6. Constitutive phosphorylation of FPR3 and chimeric receptors
obtained by swapping C-terminal or N-terminal domains. HEK293 cells
expressing either FPR3 or the indicated chimeric receptors were metaboli-
cally labeled with [32P]orthophosphoric acid. Cells were not challenged with
agonist. Receptors were immunoprecipitated from cell lysates with the anti-
FPR2/ALX antibody (A) or with an anti-HA antibody when cells expressed
3HA-tagged receptors (B). Receptor immunoprecipitates were resolved by
SDS-PAGE and analyzed by autoradiography. Data are representative of three
independent experiments.
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This experimental setup allowed the labeling of receptors that
were accessible to the anti-HA antibody, i.e. at the cell surface,
during a 30-min incubation period. After this period of time,
cells were washed and immediately fixed and permeabilized. As
a control, cells were fixed and permeabilized, and then incu-
bated with the anti-HA antibody. Subsequently, antibody-fed
and control cells were visualized with an Alexa Fluor 488-con-
jugated secondary antibody (Fig. 8, right and left panels, respec-
tively). When the anti-HA uptake was performed at 37 °C, the
3HA-FPR3 receptor was mostly visualized inside the cells (Fig.
8A, right panel). This indicates that the receptor had first
reached the cell surface, because it had bound the anti-HA anti-
body, and had been subsequently internalized in the absence of
agonist. When the antibody uptake experiment was conducted
at 4 °C (a temperature that inhibits internalization), a very faint
labeling of themembranewas detected. This indicates that only
a small amount of 3HA-FPR3 was present on the cell surface.
Consistent with plasma membrane distribution and agonist-
dependent internalization of FPR2/ALX (12), the antibody
uptake experiments performed with 3HA-FPR2 indicated that
the receptor was essentially present on the cell surface and was
not internalized in the absence of agonist (Fig. 8B). However, it
was visualized as a line of dots, probably due to an anti-HA-
mediated receptor clustering. The nonphosphorylated chimera
3HA-FPR3-R2-ABC behaved as 3HA-FPR3 and was constitu-
tively internalized (Fig. 8C). The constitutive internalization of
FPR3 can thus be considered as independent of the phosphor-
ylation status of the C terminus. Unexpectedly, in fixed and
permeabilized cells, the chimera 3HA-FPR2(1–53)-R3 was

present on the cell surface and not intracellularly as in the case
of the wild type receptor (Fig. 8D, left panel). In the anti-HA
uptake experiments (Fig. 8D, right panel), this chimera was
mainly visualized as a series of dots at the cell periphery, indi-
cating that it was not constitutively internalized. The converse
chimera 3HA-FPR3(1–53)-R2 behaved as FPR3 and was local-
ized in small cytoplasmic vesicles (Fig. 8E). Thus, amino acid
sequence 1–53 of FPR3 drives its constitutive internalization
most probably by imposing to the core of the receptor a partic-
ular conformation.
Because these two chimeric receptors presented a different

cellular distribution, we examined the effect of the two FPR3
ligands, F2L andWKYMVm, regarding their capacity to induce
the phosphorylation of these chimeras. The F2L-induced incor-
poration of 32P was markedly increased in 3HA-FPR2(1–
53)-R3 as compared with 3HA-FPR3 (Fig. 9A, right and left
panels, respectively). This observation is consistent with the
massive cell surface expression of 3HA-FPR2(1–53)-R3 (see
Fig. 8E). Unexpectedly, this cell surface-expressed chimera was
not phosphorylated upon WKYMVm stimulation (Fig. 9A, left
panel). The robust F2L-induced phosphorylation of the chime-
ric receptor, 3HA-FPR2(1–53)-R3, prompted us to investigate
whether, in the presence of F2L, the chimera was endocytosed
through the classical�-arrestin-dependent pathway. Cells were
cotransfectedwith the chimera and�-arrestin1-EGFP, which is
known to interact with phosphorylated chemoattractant recep-
tors, upon agonist binding (12). In the absence of F2L, the
receptor was localized at the cell surface, whereas �-arrestin1-
EGFP was evenly distributed in the cytoplasm (Fig. 9B). Upon
addition of F2L, both the chimeric receptor and �-arrestin1-
EGFP accumulated and colocalized in a perinuclear
compartment.
Endocytic Pathway Involved in the Constitutive Internaliza-

tion of FPR3—We next examined which internalization path-
way could be involved in the constitutive internalization of
FPR3. Beside macropinocytosis, three basic mechanisms are
involved in macromolecule endocytosis: clathrin-mediated
endocytosis, caveolae-mediated endocytosis, and a number of
clathrin- and caveolae-independent internalization pathways.
GPCR internalization is, in many cases, a ligand-mediated phe-
nomenon that occurs through clathrin-coated pits. The �-ar-
restins are thought to act as scaffolding proteins in coupling
GPCRs to clathrin-coated vesicles (6, 23, 24). Agonist stimula-
tion of GPCRs promotes the formation of receptor-containing
vesicles, which are pinched off from the plasmamembrane and
translocated into endocytic compartments.
To determine whether clathrin is required for constitutive

endocytosis of FPR3 in the absence of agonist stimulation,
3HA-FPR3 was coexpressed in HEK293 cells with a fragment
of �-arrestin 1 (amino acids 318–419) in fusion with the
enhanced green fluorescent protein (�-Arr(318–419)-EGFP).
This fragment, which constitutively binds to clathrin is unable
to interact with phosphorylated GPCRs. Consequently, it acts
as a dominant-negativemutant that inhibits agonist-stimulated
endocytosis of GPCRs via the classical clathrin- and �-arrestin-
dependent internalization pathway (25). As previously
observed in RINm5F cells (21), the �-Arr(318–419)-EGFP was
distributed throughout the cell in small intracellular vesicles as

FIGURE 7. Cellular distribution of FPR2, FPR3, and chimeric receptors
FPR3-R2 and FPR3-R2-ABC. HEK293 cells were transiently transfected
with FPR2/ALX or FPR3 (tagged or not with 3HA) (A), or the chimeric recep-
tors obtained by swapping C-terminal domains (B). Cells were fixed and
permeabilized. The cellular distribution of receptors was visualized by
labeling with either a polyclonal anti-FPR2/ALX antibody, which cross-
react with FPR3, or a monoclonal anti-HA antibody followed by immuno-
fluorescence staining with Alexa Fluor 488-conjugated secondary anti-
bodies. Scale bar, 10 �m.
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well as in large perinuclear vesicles (Fig. 10A). The 3HA-FPR3
was detected with a red fluorescent Alexa 568-conjugated goat
anti-mouse antibody. As shown in Fig. 10A, the distribution of
3HA-FPR3 was not affected by the presence of the �-arrestin
fragment. Additional experiments were performed that com-
bined the use of anti-HA uptake to track HA-FPR3 and the
capture of transferrin-Alexa Fluor 568 conjugate by the trans-
ferrin receptor, a marker of the clathrin endocytic pathway. As
seen in Fig. 10B, the punctuate distribution of the green fluo-
rescence of 3HA-FPR3 showedminimal colocalizationwith the
red fluorescence of the transferrin-labeled receptor. Thus,
3HA-FPR3 and the transferrin receptor seemed to be located in
distinct endocytic vesicles. Altogether, the results strongly sug-
gest that a clathrin-independent pathway is involved in the con-
stitutive internalization of FPR3.
Several distinct endocytic pathways are regulated by

dynamin, a multidomain GTPase, involved in the scission of
newly formed vesicles from themembrane (25, 26). Dynamin is
required in clathrin- and caveolae-mediated endocytosis, as
well as in some clathrin- and caveolae-independent endocytic

pathways (27). The 3HA-FPR3 was coexpressed with dynamin
K44A, a dominant-negative mutant of dynamin previously
shown to inhibit endocytosis via clathrin-coated pits (26). Judg-
ing from the staining of 3HA-FPR3 as bright dots at the periph-
ery of the cells in anti-HA uptake experiments (Fig. 10C),
dynamin is required for the constitutive internalization of
FPR3.
To better characterize the clathrin-independent pathway for

the constitutive internalization of FPR3, we examined the
effects induced by disruption of lipid rafts and caveolae func-
tion. Caveolae are a subset of lipid rafts that constitute special-
ized cholesterol-rich invaginations of the plasma membrane
thought to participate in clathrin-independent endocytosis
(28). Filipin III is a sterol-binding agent that binds to cholesterol
and disrupts caveolae structure and function. Sensitivity to fili-
pin is thus a general indicator that endocytosis of particular
cargos is mediated by caveolae. When the anti-HA uptake was
performed in the presence of filipin III, 3HA-FPR3 was visual-
ized as a faint dotted line at the plasma membrane (Fig. 10D),
indicating that filipin III inhibited the constitutive internaliza-

FIGURE 8. Constitutive internalization of FPR3. Antibody uptake (right panels) was performed on living cells. Cells expressing the indicated HA-tagged
receptors were incubated with a monoclonal anti-HA antibody for 30 min at 37 °C (or at 4 °C to inhibit internalization) to label the receptors present on the cell
surface. Subsequently, cells were fixed, permeabilized, incubated with anti-mouse Alexa Fluor 488-conjugated antibody, and processed for fluorescence
microscopy. In parallel (left panels), the distribution of the receptors was visualized in cells fixed and permeabilized prior to incubation with monoclonal anti-HA
antibody and immunofluorescence staining. Scale bar, 10 �m.
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tion of the receptor. The concentration of filipin III (5 �g/ml)
used in this study was similar to that previously shown in other
cell types to effectively reduce plasma membrane cholesterol
levels with minimal cell damage. We did not detect significant
changes in cellmorphology, and cell viability assessed by trypan
blue was not affected. Taken together our results suggest that
the constitutive internalization of FPR3 occurs through a
clathrin-independent but dynamin- and caveolae-dependent
mechanism.

DISCUSSION
TheN-formyl peptide receptors FPR1, FPR2/ALX, and FPR3

belong to the chemoattractant receptor family. They are
expressed mainly in phagocytic leukocytes and thought to be
important in host defense and inflammation. Following an ini-
tial exposure to ligand, phagocytic leukocytes rapidly but
reversibly become unresponsive to subsequent stimulation
with chemoattractants. Multiple mechanisms contribute to
this desensitization, including receptor phosphorylation and

endocytosis. Under ligand stimulation, FPR1 and FPR2/ALX
are rapidly phosphorylated in a dose-dependent manner (3, 29,
30). The present study emphasizes the similarities between
FPR1 and FPR2/ALX regarding the agonist-dependent phos-
phorylation process. Similarly to FPR1, the phospho-acceptor
sites of FPR2/ALX appear to be restricted to serines and thre-
onines located in the carboxyl-terminal region and the phos-
phorylation process to occur through a hierarchical mecha-
nism. The phosphorylation of Ser/Thr in the sequence
325SEDSAPT331 (termed cluster B in the present study) was
essential for the subsequent phosphorylation of other Ser/Thr.
The sequence 325SEDSAPT331 is in a similar position to that of
cluster D328STQTS332 in FPR1, of which phosphorylation of
Ser/Thr is required to allow the phosphorylation of other phos-
pho-acceptor sites (13). Replacement of all Ser/Thr in the
C-terminal domain of FPR2/ALX (mutant termed FPR2-ABC)
did not alter agonist binding but resulted in the lack of phos-
phorylation. In the case of the C5a chemoattractant receptor,

FIGURE 9. Agonist-induced phosphorylation and internalization of chimeric receptors. A, HEK293 cells expressing 3HA-tagged FPR3 or the chimeric
receptor in which the N-terminal domain of FPR2/ALX and FPR3 has been exchanged (3HA-FPR2(1–53)-R3), were metabolically labeled with [32P]orthophos-
phoric acid. Cells were not stimulated or stimulated for 15 min at 37 °C with 1 �M WKYMVm or 1 �M F2L as indicated. After cell lysis, receptors were
immunoprecipitated with an anti-HA antibody. Receptor immunoprecipitates were resolved by SDS-PAGE and analyzed by autoradiography. Data are repre-
sentative of two independent experiments. B, HEK293 cells were cotransfected with the chimera 3HA-FPR2(1–53)-R3 and �-arrestin-1 in fusion with EGFP. Cells
were not stimulated or stimulated with 1 �M F2L for 30 min, at 37 °C. Cells were fixed and permeabilized. The 3HA-FPR2(1–53)-R3 receptor was visualized by
incubation with monoclonal anti-HA antibody and staining with a red fluorescent Alexa Fluor 568-conjugated anti-mouse antibody. Scale bar, 10 �m.
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the lack of phosphorylation has been previously shown to result
in sustained calcium mobilization and extracellular signal-reg-
ulated kinase (ERK1/2) activation (31). Therefore, one would
predict that the phosphorylation-deficient mutant FPR2-ABC
should exhibit prolonged intracellular signaling. Surprisingly,
the stimulation of wild type receptor and phosphorylation-de-
ficient mutant triggered intracellular calciummobilization and
ERK1/2 activationwith similarmagnitude andduration as if the
absence of phosphorylation had no impact on the cellular
responses. Nevertheless, the phosphorylation-deficient recep-
tor FPR2-ABC was refractory to desensitization. After being
challenged with a saturating concentration of agonist, FPR2-
ABC was still able to respond to a second stimulation with the
same agonist, whereas wild type FPR2/ALX was refractory to
subsequent ligand stimulation. Therefore, as observed for FPR1
(32), phosphorylation of FPR2/ALX is a necessary and suffi-
cient step in cellular desensitization.
Despite a high level of amino acid identity in the C-terminal

domain of the three formyl peptide receptors, only FPR3 dis-
played a significant basal level of phosphorylation in the

absence of ligand binding. It is worth noting that theC-terminal
domain of FPR3 contains two additional amino acids (Val-
Pro329). The proline residue may bring about a conformation
favoring the phosphorylation of FPR3 in a resting state. After
stimulation by the high-affinity ligand F2L, the incorporation of
radioactive phosphate in FPR3 was modestly increased, sug-
gesting that only a few additional phosphoacceptor sites are
prone to incorporate phosphate upon agonist-induced confor-
mational changes. Domain swapping between FPR2/ALX and
FPR3 indicated that the C terminus sequence of each receptor
can undergo a constitutive phosphorylation only when linked
to the core of FPR3. Thus, it is the global conformation of the
receptor rather than the sequence of its C terminus that directs
the constitutive phosphorylation of FPR3.Of particular interest
is the observation that the exchange of the N-terminal domain
(1–53) of FPR3 for that of FPR2/ALX confers to the resulting
chimera the capacity to be highly phosphorylated upon F2L
binding. The chimeric receptor 3HA-FPR2(1–53)-R3 could
thus provide a valuable tool to identify the phosphoacceptor
sites of FPR3.

FIGURE 10. Endocytosis pathway involved in FPR3 constitutive internalization. A, the 3HA-FPR3 receptor was coexpressed in HEK293 cells with a fragment
of �-arrestin 1 (amino acids 318 – 419) in fusion with EGFP (�-Arr(318 – 419)-EGFP). The 3HA-FPR3 was labeled with the monoclonal anti-HA and a red
fluorescent Alexa 568-conjugated anti-mouse antibody. B, antibody uptake experiments were performed on living cells expressing 3HA-FPR3. The cells were
incubated with anti-HA antibody for 30 min at 37 °C. Internalization of the transferrin receptor was visualized by adding transferrin-Alexa Fluor 568 conjugate
during the last 15 min of incubation. Cells were fixed, permeabilized, and incubated with an Alexa Fluor 488-conjugated anti-mouse antibody to label the
anti-HA antibody bound to the internalized 3HA-FPR3. C, antibody uptake was performed in HEK293 cells cotransfected with 3HA-FPR3 and the dominant-
negative mutant of dynamin (dynamin K44A). D, antibody uptake was performed in HEK293 cells expressing the 3HA-FPR3 receptor in the presence of filipin III.
Scale bar, 10 �m.
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Another peculiarity of FPR3 is its cellular distribution. Cor-
roborating our previous observation (3), we found that FPR3
was expressed primarily in small intracellular vesicles through-
out the cell, as monitored by immunofluorescence staining.
This cellular distribution in the absence of agonist stimulation
suggested that FPR3 was undergoing constitutive endocytosis.
However, staining permeabilized cells for receptor does not
definitively distinguish the potentially misfolded receptor
retained in the secretory pathway from the receptor that had
been internalized in the absence of agonist. An experimental
design,monitoring receptor-bound antibody uptake allowed us
to show that FPR3 reached the cell surface andwas endocytosed
in the absence of agonist. To further assess the determinants
that underlie this phenomenon, we examined the behavior of
chimeric receptors in which domains have been exchanged
between FPR3 and FPR2/ALX. The latter is not internalized in
the absence of ligand. C-terminal domain swapping showed
that the core of FPR3 dictates both basal phosphorylation and
constitutive internalization of the receptor. However, the
observation that the phosphorylation deficient 3HA-FPR3-R2-
ABC chimera was constitutively internalized suggests that
basal phosphorylation and constitutive internalization are
likely to be independent events. This view is also supported by
the fact that N-terminal domain swapping did not interfere
with receptor constitutive phosphorylation, whereas it had an
impact on receptor localization.
Growing evidence indicates that GPCRs are allosteric pro-

teins that can adopt many distinct conformations, some of
which may promote continuous endocytosis in the absence of
stimulation and more attention is dedicated now to what
appears to be an important aspect of receptor regulation. In
many cases, GPCRs are constitutively internalized via a �-ar-
restin-dependent pathway and undergo a clathrin-dependent
constitutive internalization (33). However, other mechanisms
seem to be involved. For example, the constitutive internaliza-
tion of a mutant of the protease-activated receptor 1 is not
affected in �-arrestin knockout mouse embryonic fibroblast
cells (34). The constitutive �-arrestin-independent internaliza-
tion of protease-activated receptor 1 is regulated by the clathrin
adapterAP2 (35). In general, cargo proteins at the plasmamem-
brane enter the cell through a variety of endocytic mechanisms
that can be divided into two main groups: clathrin-dependent
and -independent endocytosis. A number of GPCRs undergo a
clathrin-independent constitutive internalization occurring
through lipid rafts. Caveolae, a distinct subset of lipid rafts, are
enriched in the structural scaffolding protein caveolin, which is
thought to sequester membrane proteins, including GPCRs.
For example, it has been shown that a phosphorylation-defi-
cient mutant of PAR2 (protease activated receptor 2) is consti-
tutively internalized through a dynamin-dependent but
clathrin- and�-arrestin-independent pathway (36). A caveolin-
binding motif is present within the carboxyl-terminal portion
of the seventh transmembrane domain of PAR2 (YYFVSHDF,
�X�XXXX�), whichmay interact with caveolin, thereby facil-
itating GPCRs recruitment into caveolae and endocytosis. In
the present study, results indicate that FPR3 is constitutively
internalized through a clathrin- and �-arrestin-independent
pathway as suggested by the absence of vesicular colocalization

of FPR3 with the transferrin receptor and the lack of effect of
the clathrin binding domain of �-arrestin. The inhibitory effect
of fillipin III on the constitutive internalization of FPR3 sug-
gests a caveolae-mediatedmechanism. Interestingly, we identi-
fied a putative caveolin-binding motif YVFMGRNF matching
the canonical �X�XXXX� caveolin binding motif at the end
of the seventh transmembrane domain of FPR3. Although
caveolin expression is controversial in neutrophils, caveolae
and caveolin have been identified in monocytes, macrophages,
and dendritic cells (37–39). The expression and properties of
caveolae and caveolin in immune cells are likely to depend on
several factors, including cell type and their states of activation
and/or maturation. Caveolae may thus play an important role
in specific immune-cell functions.
GPCR constitutive internalization has been proposed as a

means to maintain a quiescent intracellular pool of receptor
protected from desensitization and allow the delivery of func-
tional receptor to the cell surface when required. The signifi-
cance of the high basal internalization and large intracellular
pool of FPR3 is presently unclear. Phosphorylation and inter-
nalization appeared to be independent events, suggesting that
constitutive endocytosis may not be the consequence of a basal
activity of the receptor. Furthermore, we were unable to detect
G-protein activation in FPR3 expressing cells. FPR3 internal-
ization may also serve an alternate, ligand scavenging function
similar to chemokine receptors D6 and CXCR7 (40, 41) and the
chemoattractant C5a receptor-like 2 (C5L2) (42). Such decoy
receptors that do not transduce signal have been shown to
exhibit minimal plasma membrane expression but undergo
rapid constitutive recycling to bind extracellular ligand and
internalize it for degradation. A recent study concerning C5L2
(43) offers another new interesting prospect for constitutively
internalized receptors. C5L2 is mainly localized in intracellular
vesicles and functions as an intracellular receptor that forms
heterodimers with C5a-activated C5aR. C5L2 is thought to act
as a negative modulator of C5aR signal transduction. This rep-
resents a novel regulatory mechanism in the activation of mye-
loid cells and fine-tuning of host defense. Constitutive internal-
ization of FPR3 may similarly serve to regulate the function of
one or two other formyl peptide receptors. The differential
expression of the three formyl peptide receptors, FPR1, FPR2/
ALX, and FPR3, in humanmyeloid cells (4, 44–46) may reflect
their respective functions in the activation of various types of
immune cells. Unveiling the function of FPR3 will provide an
additional clue to the complex regulation of innate immunity.
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