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ABSTRACT Monocyte chemoattractant protein 1
(MCP-1) is a member of the chemokine cytokine family, whose
physiological function is mediated by binding to the CCR2 and
CCR4 receptors, which are members of the G protein-coupled
receptor family. MCP-1 plays a critical role in both activation
and migration of leukocytes. Rapid chemokine receptor de-
sensitization is very likely essential for accurate chemotaxis.
In this report, we show that MCP-1 binding to the CCR2
receptor in Mono Mac 1 cells promotes the rapid desensiti-
zation of MCP-1-induced calcium flux responses. This desen-
sitization correlates with the Ser/Thr phosphorylation of the
receptor and with the transient translocation of the G protein-
coupled receptor kinase 2 (GRK2, also called f-adrenergic
kinase 1 or BARK1) to the membrane. We also demonstrate
that GRK2 and the uncoupling protein f-arrestin associate
with the receptor, forming a macromolecular complex shortly
after MCP-1 binding. Calcium flux responses to MCP-1 in
HEK293 cells expressing the CCR2B receptor were also
markedly reduced upon cotransfection with GRK2 or the
homologous kinase GRK3. Nevertheless, expression of the
GRK2 dominant-negative mutant BARK-K220R did not affect
the initial calcium response, but favored receptor response to
a subsequent challenge by agonists. The modulation of the
CCR2B receptor by GRK2 suggests an important role for this
kinase in the regulation of monocyte and lymphocyte response
to chemokines.

The chemokines are a large family of chemotactic cytokines
that have a central role in leukocyte migration. The C-X-C
chemokines act on neutrophils and nonhematopoietic cells
involved in wound healing, whereas the C-C chemokines act on
monocytes, eosinophils, basophils, natural killer (NK) cells,
and diverse lymphocyte subpopulations. Chemokines interact
with an array of G protein-coupled receptors (GPCRs) that
can be grouped on the basis of their ability to bind to one or
more C-X-C or C-C chemokines (1-4). The C-C chemokine
monocyte chemoattractant protein 1 (MCP-1) was originally
described as a potent chemoattractant for monocytes and is
produced by several cell types in response to a variety of
mediators (5, 6). Since then, many other activities have been
assigned to MCP-1, including induction of T cell migration,
tumor growth suppression in animal models, and HIV-1
neutralization (7-9).

Two MCP-1 receptor forms, the type A (CCR2A) and type
B (CCR2B) CCR?2 receptors, have recently been cloned and
found to differ only in their carboxyl tails (10). In signaling
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studies, both mediate agonist-dependent calcium mobilization,
as well as inhibition of adenylyl cyclase and cell migration
through the coupling to pertussis toxin-sensitive G proteins
(11). We have recently shown that Gai coimmunoprecipitates
with the CCR2 receptor in Mono Mac 1 cells (M.M., JM.R.F.,
A.M.A., G. del Real, A M.M., A. Serrano, F.M., and C.M.-A,
unpublished work); however, it has been suggested that MCP-1
receptors, as well as those for other chemotactic chemokines
such as RANTES (regulated on activation, normal T cell-
expressed and secreted), may couple to multiple G proteins
(12-14).

Little is known about the regulation mechanisms of the
cellular response to chemokines, or of the role of desensitiza-
tion in lymphocyte migration. The trafficking of different
lymphocyte populations is a complex process controlled by a
vast array of molecules. In this process, cells must be able to
continuously sense small changes in chemoattractant gradi-
ents. Migration through a chemotactic gradient probably
employs an on—off mechanism in which chemokine receptor
desensitization may be an important step. For a large number
of related GPCRs, rapid desensitization appears to involve
agonist-promoted receptor phosphorylation by G protein-
coupled receptor kinases (GRKs) (15-17). GRK-mediated
phosphorylation of serine/threonine residues in the carboxyl
tail and/or intracellular loops of GPCR increases the affinity
for arrestin-type proteins, the binding of which prevents any
further coupling between the receptor and G proteins (18, 19).
The uncoupled receptors are subsequently removed from the
plasma membrane in a process termed internalization. Recent
evidence suggests that both GRK and arrestins also play a key
role in the sequestration process (20, 21).

There are six known members of the GRK family, GRKI1 to
GRKG6 (16-18). On the basis of sequence homology, they are
classified into three groups: GRKI1 (also known as rhodopsin
kinase), GRK2 and -3 [also called B-adrenergic receptor
kinase 1 and 2 (BARK1 and -2), respectively], and GRK-4, -5,
and -6. Several unique features distinguish agonist-induced
desensitization mediated by the second group. Cytosolic
GRK2 and GRK3 are translocated to the membrane upon
receptor activation in a process facilitated by interactions with
released GB+y dimers (22-24). Although GRK2, -3, -5, and -6
subtypes are ubiquitous, GRK2 is particularly abundant in
peripheral blood leukocytes, as well as in myeloid and lym-
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phoid cell lines (25). The physiological role of this high level
of kinase expression has nevertheless not been explored in
detail.

In this report, we provide evidence that the desensitization
of the CCR2 receptor in monocytes is mediated by GRK2,
which translocates to membranes upon MCP-1 stimulation and
forms a macromolecular complex with the activated CCR2
receptor and the uncoupling protein B-arrestin. Moreover, the
pattern of CCR2B receptor desensitization expressed in
HEK293 cells can be modulated by the co-expression of
GRK?2, GRK3, or a dominant-negative GRK2 kinase mutant,
suggesting an important role for these kinases in chemokine
receptor desensitization.

MATERIALS AND METHODS

Biological Materials. Mono Mac 1 cells (DSM ACC252)
were obtained from the German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany). Human embry-
onic kidney (HEK-EBNA293) cells were obtained from In-
vitrogen. Antibodies for immunoprecipitation analysis include
a mixture of anti-phosphoserine/threonine mAb (Biomol,
Hamburg, Germany), anti-MHC class I mAb (W6/32, 1gG2ay,
American Type Culture Collection,), anti-CD4 mAb (HP 2.6,
IgGop,; kindly donated by A. Carrera, Centro Nacional Bio-
tecnologia, Madrid), anti-GRK2 antibody AbFP1 (21), anti-
JAK2 polyclonal antibody (Upstate Biotechnology, Lake
Placid, NY), and anti-CCR2 mAb MCP-1R03 (26). Antibodies
for Western blot analysis include anti-GRK2 antibody AB9
(27) (a gift of J. L. Benovic, Jefferson University, Philadel-
phia), anti-GRK3 antibody (Santa Cruz Biotechnology), anti-
arrestin mAb F4C1 (from L. Donoso, Wills Eye Hospital,
Philadelphia), anti B-arrestin-1 antibody Ab186 (a generous
gift of P. Penela, Centro de Biologia Molecular, Madrid), and
anti-CCR2 mAb MCP-1R05 (26). Recombinant human
MCP-1 and stromal cell-derived factor la (SDF-la) were
obtained from PeproTech (London).

Cell Culture and Transfection. Mono Mac 1 cells were
maintained in RPMI medium 1640 containing 10% fetal
bovine serum (FBS). HEK-EBNA?293 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
FBS, and were transiently transfected by using Lipofectamine
(GIBCO/BRL) and following the manufacturer’s instructions.
cDNAs encoding human CCR2B (ref. 9; kindly donated by A.
Zaballos, Centro Nacional Biotecnologia, Madrid),
CCR2B-IX (ref. 28; the generous gift of I. Charo, University
of California, San Francisco), bovine GRK2 (29), BARK-
K220R (30), human GRKS and human GRK6 (the generous
gifts of J.L. Benovic) cloned in pcDNA3, rat GRK3 cloned in
pCMV (the generous gift of S. Cotecchia, Lausanne Univer-
sity), and control pcDNA3 were used for transfection. Cells
(1.5 X 10° per 60-mm plate) were seeded the day before
transfection and transfected with 5 ug of total plasmid DNA
and 25 pl of Lipofectamine per plate. Empty pcDNA3 was
used to equalize the total amount of cDNA used. Cells were
collected 48 h after transfection in phosphate-buffered saline
(PBS) containing 5 mM EDTA and resuspended in either
DMEM or RPMI medium containing 10% FBS and 25 mM
Hepes for calcium determinations or flow cytometry analysis.
GRK kinase activity in cellular extracts of HEK293 cells
cotransfected with the CCR2B receptor and GRK2, GRK3, or
BARK-K220R was assayed by the rhodopsin phosphorylation
assay as described before (27).

Calcium Determinations. Changes in intracellular calcium
concentration were monitored by using the fluorescent probe
Fluo-3 (Calbiochem) as described (9, 26). Mono Mac 1 cells or
transiently transfected HEK293 cells (2.5 X 10° cells per ml)
were resuspended in RPMI or DMEM containing 10% FBS
and 10 mM Hepes and were incubated with Fluo-3 (300 mM
in dimethyl sulfoxide, 10 ul per 10° cells) for 15 min at 37°C.
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After incubation, cells were washed and resuspended in com-
plete medium containing 2 mM CaCl, and maintained at 37°C
before addition of MCP-1 at various concentrations. Calcium
release in response to MCP-1 at 5 nM or at the concentrations
indicated in the figure legends (0.1, 1, 10, and 50 nM) was
determined in an Epics XL flow cytometer at 525 nm. In some
experiments, 10 nM MCP-1 was added a second time, as shown
in the figures.

Immunoprecipitation, SDS/PAGE, and Western Blot Anal-
ysis. For immunoprecipitation, Mono Mac 1 cells or transiently
transfected HEK293 cells (20 X 10°) were lysed in a detergent
buffer [20 mM triethanolamine-hydrochloride, pH 8.0/300
mM NaCl/2mM EDTA/20% (vol/vol) glycerol/1% digitonin,
with protease inhibitors] for 30 min at 4°C with continuous
rocking, followed by centrifugation (15,000 X g, 15 min).
Immunoprecipitation was performed essentially as described
in ref. 31. Protein extracts precleared by incubation with 20 ug
of anti-mouse IgG-agarose (Sigma) or staphylococcal protein
A-Sepharose (60 min, 4°C) were centrifuged (15,000 X g, 1
min) and incubated with the appropriate mAb or polyclonal
antibody, respectively (5 ug per sample, 120 min, 4°C). Anti-
mouse IgG-agarose was used to immunoprecipitate the anti-
CCR2 (MCP-1R03) and anti-arrestin (F4C1) antibody com-
plexes, whereas protein A-Sepharose was utilized for the
anti-GRK2 antibody (AbFP1). Immunoprecipitates were re-
solved in SDS/12.5% PAGE and transferred to nitrocellulose
membranes as described before (31). Single blots were first
developed with anti-phosphoserine/phosphothreonine, anti-
GRK2, or anti-arrestin antibodies, and then the same blot was
reprobed with anti-CCR2 antibody as an internal control for
the amount of protein loaded in each gel. For Western blot
analysis of HEK293 transiently transfected cells or Mono Mac
cell lysates, cells were washed with PBS and lysed by Dounce
homogenization, and protein concentration was determined by
the Lowry method. Gels were loaded with 5 ug of cell lysate
proteins from transiently transfected HEK293 cells or with 40
png of protein from Mono Mac 1 cell lysates or Mono Mac 1
subcellular fractions. In some experiments, soluble and par-
ticulate Mono Mac 1 cell fractions were obtained under
different experimental conditions, and the subcellular GRK2
distribution was assessed in Western blots as reported (32).
After fractionation the protein concentration in each sample
was determined by the Lowry method and equal amounts of
protein were loaded onto the gels. Usually, only the relevant
region of the gel is shown in the immunoblots.

RESULTS AND DISCUSSION

MCP-1 Triggers Association of GRK2, Arrestin, and the
CCR2 Receptor in a Multimolecular Complex. We have
previously demonstrated that Mono Mac 1 cells express the
MCP-1 chemokine receptor CCR2 (9, 26). These cells respond
to MCP-1 by inducing calcium mobilization (Fig. 1) and cell
migration (not shown). The calcium response to a second
challenge of 10 nM MCP-1 is markedly reduced, suggesting
rapid CCR2 receptor desensitization (Fig. 1 Upper). The
response to another chemokine (SDF-1a) acting through a
different receptor (CXCR4) was not affected by the first
MCP-1 challenge (Fig. 1 Lower), thus indicating homologous
CCR2 receptor desensitization.

The rapid uncoupling of other GPCRs is mediated by
agonist-promoted phosphorylation by GRKs (15-18). Analysis
of the CCR2 receptor carboxyl-terminal sequence reveals
serine and threonine residues that could be potential sites for
phosphorylation by these receptor kinases. We therefore asked
whether treatment of Mono Mac 1 cells with MCP-1 promotes
CCR2 receptor phosphorylation in Ser/Thr residues. Cells
treated for different times with MCP-1 were lysed, and extracts
were immunoprecipitated with the CCR2 receptor-specific
antibody (MCP-1R03). Western blot analysis of immunopre-
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Fic. 1. MCP-1-induced desensitization of the CCR2B receptor.
Calcium influx was promoted by the addition of 10 nM human MCP-1
to Mono Mac 1 cells loaded with Fluo-3; a second challenge with 10
nM MCP-1 promoted very little calcium response (Upper). As a
control, MCP-1-induced cells were stimulated with 10 nM SDF-1«a
(Lower). Calcium influx in response to MCP-1 was determined by flow
cytometry at 525 nm, as detailed in the text. Data are given as a
percentage of maximum MCP-1 fluorescence response. Arrows depict
the time of chemokine addition.

cipitates with a mixture of anti-phosphoserine/threonine
mAbs showed a phosphorylated protein in the position (38
kDa) corresponding to that of the CCR2 receptor (Fig. 24
Upper). The analysis shows trace receptor phosphorylation
under basal conditions, and a rapid increase as early as 5 min
after MCP-1 stimulation, reaching maximal phosphorylation
at 15-30 min and decreasing thereafter. Equal protein loading
was confirmed by developing the same Western blot with the
anti-CCR2 MCP-1R05 mAbD (Fig. 24 Lower).

Given the reported high GRK2 expression levels in periph-
eral blood leukocytes and in myeloid and lymphoid cell lines
(25), we analyzed whether GRK2 (BARK1) was present in
Mono Mac 1 cells and its potential participation in the
observed Ser/Thr phosphorylation of the receptor. Western
blot analysis of Mono Mac 1 cell lysates (Fig. 2B Left, lane 1)
and lysates from 293 cells transfected with different GRKs
(lanes 2-6) with an antibody raised against GRK2 indicates
marked expression of this kinase in the Mono Mac cell line.
The GRK2 AB9 antibody shows slight cross-reactivity with
GRK3, but this band migrates at a slightly different molecular
mass. Analysis with an antibody directed against GRK3, which
also shows a slight cross-reactivity with GRK2 (Fig. 2B Right,
lanes 3—4), did not show any significant expression of GRK3
in Mono Mac 1 cells. Since GRK2 translocates to the periphery
of the membrane after ligand activation of GPCR to phos-
phorylate the receptor (25, 33), we analyzed GRK2 distribu-
tion in particulate fractions before and after MCP stimulation
(Fig. 2C). Addition of MCP-1 promotes a transient increase in
the amount of GRK2 in the particulate fraction, which reaches
a maximum at approximately 15 min after MCP-1 stimulation.
These data are consistent with the time course of CCR2
receptor phosphorylation (Fig. 24) and are similar to those
found for other receptors (25, 32, 33). The modest changes in
subcellular GRK2 distribution may reflect the fact that only a
small fraction of cytoplasmic GRK2 associates with the ligand-
stimulated receptor in the plasma membrane, as well as the
rapid intracellular dynamics of this kinase (21). It should also
be noted that a significant fraction of GRK2 is associated with
the particulate fraction under nonstimulation conditions. This
observation could be ascribed both to its reported association
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FIG. 2. (A) Time course of serine/threonine phosphorylation of
the CCR2B receptor in Mono Mac 1 cells. Mono Mac 1 cells were
stimulated for the times indicated and lysed, and cell extracts were
immunoprecipitated with an anti-CCR2 antibody. After SDS/PAGE
and transfer, the same blot was first developed with a mixture of
anti-phosphoserine/threonine antibodies (Upper) and then reprobed
with the anti-CCR2 antibody MCP-1R05 (Lower). The molecular mass
of the CCR2 receptor is 38 kDa. The figure is representative of three
experiments with similar results. (B) Western blot analysis of the
presence of GRK2 and GRK3 in Mono Mac 1 cell extracts (lane 1).
For comparative purposes, the same analysis was performed in
HEK293 cells transiently transfected with pcDNA3, GRK2, GRK3,
GRKS, or GRK6 (lanes 2-6, respectively). Blots were tested with the
anti-GRK2 AB9 (Left) and anti-GRK3 antibodies (Right). The mo-
lecular mass of GRK2 and GRK3 is =80 kDa and 78 kDa, respectively.
(C) Western blot analysis of MCP-1-induced GRK2 translocation in
Mono Mac 1 cells. Cells were stimulated with MCP-1 for the times
indicated and particulate fractions were obtained as described in the
text. Equal protein amounts were resolved in SDS/PAGE, blotted, and
developed with anti-GRK2 AB9 antibody (Upper). Data were quan-
titated by laser densitometry, normalized by the signal of an unrelated
band, and represented as the percentage of particulate GRK2 before
stimulation (Lower). This experiment was repeated twice with similar
results.

with microsomal membranes (27, 32, 34) and to its binding to
the plasma membrane as a consequence of the basal GPCR
activity (21, 35), which may contribute to rapid receptor
regulation after agonist binding.

To further show a functional relationship between GRK2
and this chemokine receptor, we next asked whether GRK2
could be found associated with the CCR2 receptor in Mono
Mac 1 cells. We immunoprecipitated extracts from MCP-1-
stimulated cells with an anti-CCR2 receptor antibody and
tested for the presence of GRK2 in Western blots. GRK2
associates with the CCR2 receptor in an MCP-1-dependent
manner; this association is most evident at 15-30 min after
MCP-1 induction (Fig. 34 Upper). Assay specificity was dem-
onstrated by immunoprecipitating the same cell extracts with
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FiG. 3. Association of GRK2 and B-arrestin to the MCP-1-
stimulated CCR2B receptor in Mono Mac 1 cells. (4 and B) Whole cell
lysates from Mono Mac 1 cells stimulated with MCP-1 for the times
indicated were precipitated with anti-CCR2 MCP-1R03 antibody.
Immunoprecipitates were first analyzed in a Western blot with anti-
GRK2 AB9 (4 Top) or with anti-arrestin (B Middle) antibodies, and
the same blots were then developed with anti-CCR2 MCP-1R05 (A4
and B Lower) antibodies, as indicated. In B Upper, lysates from mock
or B-arrestinl-transfected HEK293 cells (lanes 1 and 2, respectively)
or Mono Mac 1 particulate and cytosolic fractions (lanes 3 and 4,
respectively), were analyzed in a Western blot with an anti-arrestin
mADb. The molecular mass of the B-arrestinl is ~50 kDa. (C) MCP-
1-stimulated Mono Mac 1 cell lysates were immunoprecipitated with
anti-GRK2 antibody and analyzed by Western blotting with anti-
arrestin antibody. A Mono Mac 1 cell lysate (MM-1) was included as
a control of B-arrestin migration in the same gel. As negative controls,
MCP-1-stimulated cell lysates were immunoprecipitated with an anti-
CD4 mAD (A4 and B) or anti-JAK2 polyclonal antibodies (C), and
Western blots were stained with the indicated antibody. Results are
representative of three experiments with similar results.

an unrelated mAb used as control (anti-CD4). The changes in
GRK2 association are not the consequence of variations in the
CCR2 receptor immunoprecipitation, since the Western blot
analysis of the same blot with the anti-CCR2 antibody MCP-
1RO05 confirms equal CCR2 protein loading (Fig. 34 Lower).
Immunoprecipitation with an anti-GRK2 antibody (AbFP1)
followed by an anti-CCR2 receptor antibody (MCP-1R05)
immunoblot analysis gave comparable results (not shown).
These data demonstrate that GRK2 forms a macromolecular
complex with the CCR2 receptor after MCP-1 activation.
We next tested the presence of arrestin-like proteins in
Mono Mac 1 cells. For this, B-arrestinl-transfected HEK293
and Mono Mac 1 cell lysates were analyzed by Western blotting
with an anti-arrestin mAb (Fig. 3B Top) or a specific p-arres-
tinl polyclonal antibody (not shown). The results demonstrate
the presence of a predominantly cytosolic protein of ~50 kDa
corresponding to B-arrestinl in Mono Mac 1 cells (Fig. 3B,
lanes 3 and 4). We therefore studied MCP-1-induced associ-
ation of B-arrestin to CCR2 receptors. Mono Mac 1 cell
extracts were immunoprecipitated with an anti-CCR2 receptor
antibody and analyzed in a Western blot with the monoclonal
anti-arrestin antibody (Fig. 3B Middle). A protein recognized
by the anti-arrestin antibody coimmunoprecipitates with the
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MCP-1-stimulated receptor; this association reaches a maxi-
mum 30 min after MCP-1 stimulation and slightly decreases by
45 min. Equal protein loading in the gel was assessed by
reprobing the Western blot with an anti-CCR2 antibody (Fig.
3B Bottom). Control experiments with an unrelated antibody
(anti-CD4) confirm the specificity of the B-arrestin-CCR2
receptor interaction. The time course of arrestin association
with the chemokine receptor is retarded with regard to that of
GRK2, consistent with the requirement for GRK-mediated
receptor phosphorylation for B-arrestinl binding to GPCR.

Because both GRK2 and arrestin proteins can be found
associated with the CCR2 receptor, it is possible that B-arrestin
forms part of a macromolecular complex with the receptor and
the kinase. We thus performed immunoprecipitation studies
with an anti-GRK2 antibody (AbFP1), followed by Western
blot analysis with an anti-arrestin mAb. B-arrestin coimmuno-
precipitates with GRK2 in an MCP-1-dependent manner (Fig.
3C), strongly suggesting that both the kinase and the uncou-
pling protein are present simultaneously in the same, presum-
ably multimolecular, receptor complex.

GRK2 Controls MCP-1-Mediated CCR2B Receptor Signal-
ing. To further establish the role of GRK2 in CCR2 receptor
desensitization, we analyzed the effect of chemokine receptor
coexpression with GRK2 in transfection experiments. CCR2B
receptor expression was assessed in HEK293 cells by flow
cytometry and Western blot analysis using mAb specific for the
CCR2B receptor, as described (26) (not shown). MCP-1
stimulation of CCR2B-transfected HEK293 cells produced a
transient calcium increase (Fig. 44 and Fig. 5). When cells
were cotransfected with GRK2 the response to MCP-1 was
completely inhibited. Similar results were obtained when the
homologous GRK3 was co-expressed with the receptor. The
expression and activity of both kinases in transiently cotrans-
fected HEK293 cells was confirmed by Western blot analysis
(Fig. 4B) and by the rhodopsin phosphorylation assay (Fig.
4C). Both kinases showed similar levels of rhodopsin phos-
phorylation. Taken together, these results suggest that both
GRK2 and GRK3 are able to modulate CCR2B receptor
signaling with comparable effectivities. Interestingly, when a
CCR2B receptor mutant that lacks all Ser/Thr residues in the
carboxyl tail (CCR2B-IX, see ref. 28) was expressed, the
MCP-1-induced signal was not inhibited by GRK2 co-
expression (Fig. 44). GRK2 levels were similar in CCR2B and
CCR2B-IX receptor-expressing cells (data not shown). Addi-
tional support for the hypothesis that GRK2 is critically
involved in CCR2B receptor deactivation is provided by
experiments (Fig. 5) in which the CCR2B receptor was co-
expressed with a dominant-negative mutant of GRK2, BARK-
K220R (30). Expression of this mutant in HEK293 cells at
levels similar to those attained with wild-type GRK2 does not
lead to a significant increase in kinase activity as assessed by
the rhodopsin assay (data not shown). In the presence of
GRK2-K220R, MCP-1 induced at different concentrations a
calcium response comparable to that observed with the re-
ceptor alone (Fig. 5), clearly different from the signal block
observed when wild-type GRK2 is co-expressed (Fig. 44). The
calcium transient observed in GRK2-K220R-transfected cells
was sometimes partially reduced in response to MCP-1, prob-
ably reflecting the interaction of the mutant kinase with
cellular proteins downstream of the receptor (see below).
More important, cells expressing GRK2-K220R exhibited a
response to a second challenge with 10 nM MCP-1 that was
equivalent to the original response even when higher concen-
trations of ligand were tested, conditions at which the response
of cells transfected with the receptor alone is desensitized (Fig.
5). Such similar response to a second challenge of ligand was
previously observed by others (36) when expressing a carboxyl-
terminal truncated form of a CXCR2 receptor or a receptor
mutated on serine and threonine residues, using the same
experimental design.
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Fic. 4. GRK2 and GRK3 modulation of MCP-1 signaling medi-
ated by the CCR2B receptor. (4) HEK293 cells were transiently
transfected with pcDNA3 alone; with pcDNACCR2B with pcDNA3,
pcDNAGRK?2, or pCMVGRK3; or with pcDNACCR2B-IX and
pcDNA3 or pcDNAGRK?2 as indicated. Calcium was determined as
described in the legend of Fig. 1. Data are given as a percentage of
maximal MCP-1-induced response. Arrows indicate the time of MCP-1
addition. (B) Western blot analysis of the expression level of GRK2
and GRK3 in transiently cotransfected HEK293 cells. Recombinant
GRK2 (lane 1) and lysates from CCR2B, CCR2B + GRK2, and
CCR2B + GRK3 cells (lanes 2-4, respectively) were resolved by
SDS/PAGE and transferred, and blots were developed simultaneously
with anti-GRK2 AB9 and anti-GRK3 antibodies. (C) HEK293 cells
cotransfected with the CCR2B receptor alone (lane 2) or with either
GRK?2 (lane 3) or GRK3 (lane 4) were lysed, and the cytosolic kinase
activity was determined with rhodopsin as substrate. Recombinant
GRK2 (10 nM) was used as a control (lane 1). A representative
autoradiogram is shown. Results in all panels are representative of two
independent experiments.

The effects of GRK2 overexpression on CCR2B receptor-
induced calcium signaling can be explained in two ways. First,
increasing GRK2 or GRK3 concentration in cells would favor
its association to receptors, thus dampening its response to
ligand by increasing receptor phosphorylation or by directly
preventing interaction with G proteins (37). We tested whether
GRK?2 association with the CCR2B receptor could be ob-
served in HEK293 cotransfected cells. When cell lysates from
unstimulated HEK293 cells were immunoprecipitated with
anti-CCR2 receptor antibodies and analyzed with an anti-
GRK2 antibody, the kinase coimmunoprecipitated with the
receptor, demonstrating that overexpressed GRK2 associates
with the receptor, even in the absence of ligand (not shown).
The receptor is also bound to the nonfunctional kinase in
BARK-K220R-transfected HEK293 cells (not shown). In this
case, because the GRK2 mutant lacks kinase activity but
retains its receptor binding capacity, its interaction with the
CCR2B receptor would inhibit any further association and
phosphorylation by endogenous kinases, preventing receptor
desensitization. Because the carboxyl-terminal domain of
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Fig. 5. BARK-K220R inhibition of MCP-1-induced desensitiza-
tion of the CCR2B receptor. HEK293 cells were transiently cotrans-
fected with pcDNACCR2B and either empty vector or pcDNABARK-
K220R. Cells were stimulated first with different concentrations of
MCP-1 as indicated. After approximately 2 min, 10 nM MCP-1 was
added a second time as indicated by the arrows. Calcium was deter-
mined as described in the legend of Fig. 1. Data are given as a
percentage of maximal MCP-1-induced and are representative of two
independent experiments.

GRK2 and -3 can interact with both G protein B+ subunits and
phosphatidylinositol 4,5-bisphosphate (24, 38), an additional
effect of kinase overexpression could be the blockage of
Gpy-mediated activation of phospholipase C B (37, 39). This
effect would also apply to the BARK-K220R dominant-
negative mutant, which maintains this carboxyl-terminal do-
main intact. Alternatively, kinase binding would compete with
the association of the G protein heterotrimer with the recep-
tor. Consistently, MCP-1-induced calcium response in cells
coexpressing the receptor and BARK-K220R was detected
only when the total amount of the mutant kinase was main-
tained below 0.3-0.4 g of cDNA per 105 cells transfected. On
the other hand, “low” expression of GRK2 with the
CCR2B-IX mutated receptor, which lacks all Ser/Thr residues
susceptible to phosphorylation by GRK2 (28), did not inhibit
the calcium response (see Fig. 44), thus demonstrating that the
GRK?2 inhibitory effect is truly mediated by receptor phos-
phorylation. Comparable results were obtained by Diviani et
al. (39) when investigating epinephrine-induced phosphatidyl-
inositol hydrolysis. In summary, the data presented here
suggest that GRK2 and GRK3 modulate the CCR2B receptor
signaling by direct interaction with the receptor. The lower
expression levels of GRK3 in Mono Mac 1 cells compared with
GRK2 suggest a key role for the latter in modulating the
chemokine receptor response in monocytes.

Concluding Remarks. Desensitization and recycling of che-
motactic receptors appears to be a critical mechanism by which
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leukocytes maintain their ability to sense the chemoattractant
gradient in the inflammatory response. Previous studies dem-
onstrated that chemotactic receptors of the C-X-C family were
also phosphorylated on Ser residues by GRK enzymes (40—
42). In this report, we show that the chemotactic receptor
CCR2, a member of the C-C family, is regulated in intact cells
by GRK2. It has recently been shown that the CCR2B receptor
tail is responsible for receptor desensitization in the Xenopus
oocyte expression system (28), in which GRK-3 appears to be
the kinase responsible for receptor phosphorylation. In trans-
fected HEK293 cells we show that both GRK2 and GRK3 are
capable of modulation this chemokine receptor. Nevertheless,
GRK3 appears to be expressed at very low levels in Mono Mac
1 cells, strongly indicating that GRK2 would be the physio-
logically relevant kinase in this cell type.

Interestingly, the CCR2 chemokine receptor, GRK2, and
the regulatory protein B-arrestin are found associated after
MCP-1 stimulation. Recent reports have shown that both
GRK2 (21) and arrestin (35) colocalize with B-adrenergic
receptors in internalization vesicles. Although our experimen-
tal approach does not permit localization of the receptor
macromolecular complex in the plasma membrane or in
endocytic vesicles, our data support the hypothesis that both
GRK2 and arrestin associate with the receptor shortly after
agonist stimulation and during the sequestration process. Such
a mechanism may also be used for other GPCR, GRK, and
arrestin proteins.

The ability of GRK2 to modulate a C-C-chemokine receptor
is consistent with the high expression levels of this kinase in
monocytes, granulocytes, and lymphoid cell lines (25), and
with a key role for desensitization processes in the modulation
of lymphocyte migration. Our data suggest that GRK enzymes
play an essential physiological role in the modulation of cell
signaling through diverse chemokine receptors. Modulation of
GRK?2 activity and expression thus emerges as an additional
means to regulate cell responses to chemokines.
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