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Many studies with receptors that couple to either the
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The G protein-coupled receptor kinase family com-
rises six members (GRK1 to GRK6) that phosphory-

ate and desensitize a number of agonist-occupied G
rotein-coupled receptors. Overexpression of the
ominant negative mutant GRK2-K220R is often ac-
ompanied by an inhibition of the agonist-mediated
hosphorylation of G protein-coupled receptors. In
he case of the C5a receptor (C5aR), the overexpres-
ion of wild-type GRK2 or GRK6 as well as of catalyt-
cally inactive forms of these kinases (GRK2-K220R
nd GRK6-K215R) failed to increase or to inhibit the
gonist-mediated phosphorylation of C5aR, respec-
ively. Replacement of Lys215 by an arginine residue in
RK6 yielded a protein with a relative molecular mass
f 63 kDa, whereas wild-type GRK6 had a relative mo-
ecular mass of 66 kDa on polyacrylamide gel. The

utations S484D and T485D in the catalytically inac-
ive mutant GRK6-K215R resulted in a protein (GRK6-
DD) with the same electrophoretic mobility as
ild-type GRK6. Furthermore, in the absence of phos-
hatase inhibitors, GRK6 was rapidly converted into
he 63 kDa species, whereas GRK6-RDD was not. Over-
pression of GRK6-RDD failed to alter the agonist-
ediated phosphorylation of C5aR. Taken together,

he results suggest that C5aR is not a substrate for
ither GRK2 or GRK6 and that GRK6 is very likely
utophosphorylated on Ser484 and Thr485 in vivo. © 1999

cademic Press

Key Words: C5a receptor; CD88; phosphorylation;
hemoattractant; GRK; autophosphorylation.
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denylate cyclase or the phospholipase C (PLC) path-
ays suggest that agonist-mediated receptor phos-
horylation is a common mechanism by which signal-
ng through G protein-coupled receptors is rapidly
ttenuated. This process, termed desensitization, in-
olves cellular protein kinases that have yet to be
etermined for most G protein-coupled receptors. The
est studied receptor is the b2-adrenergic receptor
hich appears to be phosphorylated by multiple pro-

ein kinases, including the cAMP-dependent protein
inase (PKA) and a specific class of kinases termed G
rotein-coupled receptor kinases (GRK) (1, 2). This
atter family comprises six members, (GRK1-6), which
ppear to be differentially regulated and targeted to
he plasma membrane through a variable COOH-
erminal region that flanks the catalytic domain (3). All
RKs interact with phospholipids via either a farnesyl
roup (GRK1) (4), a palmitoyl group (GRK4 and GRK6)
5, 6), a polybasic region (GRK5) (7, 8) or a pleckstrin
omology domain (PH domain) that binds to phos-
hatidyl inositol 4,5-bisphosphate (PIP2) and to the bg
ubunits of G proteins (GRK2 and GRK3) (9–11). This
atter interaction increases the kinase activity in vitro
12) and may be involved in targeting GRK2 and GRK3
n the close vicinity of activated receptors in vivo (13).
n addition, two GRKs appear to be differentially reg-
lated by a rapid autophosphorylation. While auto-
hosphorylation reduces the affinity of GRK1 for phos-
horylated rhodopsin (14), it appears to increase the
bility of GRK5 to phosphorylate the b2-adrenergic
eceptor in vitro (7).
The use of recombinant receptors reconstituted in

iposomes has revealed that purified recombinant
RKs have the unique property to recognize and phos-
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2-adrenergic, m2-muscarinic cholinergic, substance P,
nd a2-adrenergic receptors in an agonist-dependent
anner (8, 12, 15–19). The receptor substrate specific-

ty in in vitro assays appears to vary from kinase to
inase. For instance, GRK6 has a weaker ability than
RK2 and GRK5 to phosphorylate the b?-adrenergic

eceptor and rhodopsin (17).Moreover, the receptor
ubstrate specificity of GRKs defined in in vitro assays
ay not reflect exactly receptor-kinase interactions in

ivo. This is suggested by a recent study indicating
hat mutation of the residues identified as the GRK2
nd GRK5 phosphorylation sites on the b2-adrenergic
eceptor in vitro has no effect on the phosphorylation
nd desensitization of this receptor in vivo (20).
Within the family of G protein-coupled receptors, the
5a anaphylatoxin receptor (C5aR) belongs to a sub-
roup of receptors that mediate chemotaxis and acti-
ation of myeloid cells during inflammatory and im-
une responses (21). The kinases involved in the

gonist-dependent phosphorylation of C5aR remains to
e identified. Both GRK2 and GRK6 are expressed in
yeloid cells and may therefore be involved in the

hosphorylation process (22, 23). To determine
hether the agonist-occupied C5aR could be a sub-

trate of these kinases, the C5aR and wild-type kinases
r dominant negative forms of both GRK2 and GRK6
ere transiently coexpressed in COS-7 cells. The re-

ults show that neither the wild-type kinases nor their
ominant negative forms significantly modify the level
f agonist-dependent phosphorylation of C5aR. In ad-
ition, we provide strong evidence that GRK6 is auto-
hosphorylated in COS-7 cells.

XPERIMENTAL PROCEDURES

Materials. Cell culture media and fetal calf serum were pur-
hased from Gibco BRL. Carrier-free [32P] orthophosphoric acid and
a125I were from Amersham (UK). Protein A-Sepharose 4B was from
harmacia Biotech. Human recombinant C5a, bovine serum albu-
in (BSA), leupeptin, benzamidine, pepstatin, aprotinin, phenyl-
ethylsulfonyl fluoride (PMSF), p-nitrophenylphosphate were from
igma Chemicals (St Louis, MO). Restriction endonucleases, Pwo
NA polymerase, other molecular biology reagents, and 4-(2-
minoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF) were
urchased from Boehringer-Mannheim. SeeBlue prestained markers
ere from Novex. Oligonucleotides for mutagenesis were purchased

rom Genosys Biotechnologies (UK).

Mutagenesis and expression. Mutations in the cDNAs encoding
uman GRK2 and GRK6 were introduced by site directed mutagen-
sis, according to the pSELECT-1 mutagenesis protocol from Pro-
ega, or by PCR as previously described (24). The coding sequence of

he human GRK2 was excised from the pBJIneo vector provided by
ntonio De Blasi (Mario Negri, Italy) and inserted between
ind III and Xba I in pSELECT-1. The mutant primer 59-
TACGCCATGAGGTGCCTGGAC-39 (Arg codon is underlined) com-
lementary of the coding strand was used to replace Lys220 with an
rginine residue (GRK2-R). The mutation was verified by DNA se-
uencing. The mutated sequence was further digested by Xba I and
lu I and used to replace the corresponding fragment in the expres-

ion vector pBJIneo.
225
BC12BI by Nsi I and Bam HI and inserted into pSELECT-1 cleaved
ith Pst 1 and Bam HI. The mutant primer 59-CTCTAG-
TTCCTGCAGGCATACAT-39 (Arg codon is underlined) was used

o replace Lys215 with an arginine residue (GRK6-R). pBC12BI-
RK6 was cleaved with Bst XI and Bgl II and the 0.9 kb fragment
as replaced by the corresponding sequence containing the desired
utation. To replace Ser484 and Thr485 with aspartate residues in
RK6-R the sense primer 59-GGATGTTCTGGACATTGAACAG-
TCGATGATGTCAAGGGCGTGGAGCTGG-39 (Asp codons are un-
erlined) was used with the antisense primer 59-CACCAGCAG-
TGGCGGTAGCAGGATCCGCG-39 (primer A) to amplify a 346 bp

ragment of GRK6 cDNA. The sense primer 59-GCTCTAGAGC-
GAAGGCTTCATTTGGTGACCAAGC-39 (primer B) was used with

he antisense primer 59-CTCCAGCTCCACGCCCTTGACATCATC-
AACTGTTCAATGTCCAG (Asp codons are underlined) to generate
1490 bp fragment of pGRK6-R. Aliquots of the resulting PCR

ragments were mixed and used in a third PCR with primers A and
to generate a 1800 bp fragment. The PCR fragment was cleaved by
ba I and Bam HI and cloned in pCDNA3.1 (2) (GRK6-RDD). A
inase mutated exclusively at the level of Ser484 and Thr485 (GRK6-
D) was generated by replacing the Bgl II-Bam HI fragment in the
ild-type kinase by the corresponding fragment from GRK6-RDD in

he vector pBC12BI.

Transfection of COS-7 cells. COS-7 cells were grown and trans-
ected by electroporation as described previously (25). The cDNA
ncoding human wild-type GRK2 was in pBJIneo, that encoding
uman GRK6, GRK6-R or GRK6DD was in pBC12BI, and that
ncoding human GRK2-R or GRK6-RDD was in pCDNA3.1. Cells
ere electroporated with a Bio-Rad gene pulser using a pulse of 0.3
V for 10 ms. Sixty to seventy-two hours after transfection, cells
ere used for [32P] orthophosphoric acid metabolic labeling and bind-

ng of 125I labeled C5a.

Radioligand binding. Human recombinant C5a was labeled with
25I as described previously (25). All binding studies were carried out
t 4°C with subconfluent COS-7 cell monolayers three days after
ransfection as described previously (26). Non-specific binding was
etermined by the addition of a 20-fold excess of unlabeled C5a.

Immunoblotting. Cell monolayers were lysed in 100 ml of 2-fold
aemmli sample buffer supplemented with 10 mM dithiothreitol and
riefly sonicated with a microtip. Proteins were then separated by
DS–PAGE and transferred to a 0.22 mm Protran nitrocellulose filter

Schleicher & Schüell). After transfer, the filter was incubated in
BS containing 0.1% Tween 20 and 3% BSA for 1 hour at room
emperature and then overnight in the same solution containing
ntibodies. IgGs to GRK6 were affinity-purified from the serum
f a rabbit immunized against the C-terminal peptide
GNCSDSEEELPTRL-COOH coupled to ovalbumin as previously
escribed (26). Filters were extensively washed with PBS containing
.1% Tween 20, and incubated with 125I-labeled protein A (1 mCi/ml
f PBS/Tween 20/BSA) for 2 hours, at room temperature. After
ashing filters in PBS/Tween 20, the bound radioactivity was visu-
lized by autoradiography using Fuji RX film at 280°C. Quantifica-
ion was performed with a Molecular Dynamics phosphorImager.

Metabolic labeling and immunoprecipitation. Transiently trans-
ected COS-7 cells were metabolically labeled with [32P] orthophos-
horic acid (0.3 -0.5 mCi/ml) as described previously (26). Phosphor-
lation of C5aR was initiated with 50 nM C5a. After 15 min
ncubation at 37°C, cells were lysed in 1 ml of ice-cold RIPA buffer,
5aR was immunoprecipitated and analyzed by SDS–PAGE under
educing conditions and autoradiography as described previously
27). To be able to compare the level of phosphorylation of C5aR, the
olume of cell lysates withdrawn for immunoprecipitation was ad-
usted so that the same amount of surface-expressed receptor was
mmunoprecipitated from plate to plate.
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ESULTS AND DISCUSION

The agonist-mediated phosphorylation of the C5a re-
eptor is not enhanced by overexpression of wild-type
RK2 and GRK6. The agonist-dependent phosphor-
lation of C5aR has been demonstrated in myeloid cells
s well as in COS-7 cells and phosphorylation sites
ave been identified on all serine residues of the cyto-
lasmic tail (25, 27). The nature of the kinase(s) in-
olved in this process remains unknown. Although re-
ent studies have shown that GRK2 and GRK6 are
xpressed in myeloid cells, it is not known whether
hey play a role in the phosphorylation of the C5aR.

Neither GRK2 nor GRK6 were immunodetected in
ysates of COS-7 cells but they might be present at a
evel below the threshold of detection with antipeptide
ntibodies and 125I-labeled protein A (not shown). How-
ver, COS-7 cells appear to be equipped with kinases
GRKs or other kinases) that efficiently phosphorylate
he C5aR. If either GRK2 or GRK6 is involved in the
gonist-induced phosphorylation of C5aR, an overex-
ression of either of them should potentiate the phos-
horylation of the receptor. In the case of other recep-
ors, such as the a1B–adrenergic receptor (28) and the
hemokine receptor CCR5 (29), the agonist-induced
hosphorylation was found to be enhanced when wild-
ype GRK2 is coexpressed with the receptor. In con-
rast to these receptors, the agonist-mediated phos-
horylation of C5aR was not enhanced by
verexpression of either GRK2 or GRK6 (Fig. 1). Inci-
entally, we consistently observed a higher expression
f C5aR (about 2-fold) when GRK6 was transiently

FIG. 1. The agonist-mediated phosphorylation of C5aR in COS-7
ells is not significantly enhanced by the coexpression of wild-type
RK2 and GRK6. COS-7 cells were cotransfected with C5aR and
ild-type kinases. Control cells were cotransfected with C5aR and
n empty vector (pBC12BI). Three days after transfection, cell sur-
ace expressed receptors were quantified for each condition of trans-
ection. In companion plates, C5aR phosphorylation was initiated by
he addition of 50 nM C5a after prelabeling with [32P] orthophospho-
ic acid. After 15 min of stimulation with C5a, cells were lysed and
liquots corresponding to the same number of surface-expressed
eceptors were processed for immunoprecipitation of C5aR. The im-
unoprecipitated material was submitted to SDS–PAGE and auto-

adiography on Fuji RX films. COS-7 cells were cotransfected with
5aR and wild-type GRK2 and GRK6 cDNAs. Control cells were
otransfected with the appropriate empty vector. The figure is rep-
esentative of two independent experiments.
226
ata). However, it is presently not known if GRK6-
nduced upregulation of C5aR occurs in cell lines with
ndogenous C5aR expression and is of physiological
ignificance.

Overexpression of a dominant negative mutant of
RK2 or GRK6 has no effect on the agonist-mediated
hosphorylation of C5aR. If the C5aR were a good
ubstrate for GRK2 or GRK6, the expression of a dom-
nant negative mutant should compete with the endog-
nous kinase(s) and result in an inhibition of the C5a-
nduced phosphorylation. Protein kinases contain, in
he subdomain II of the catalytic domain, an univer-
ally conserved lysine residue involved in the phospho-
ransfer reaction (30). In GRK2, substitution of the
nvariant Lys220 by an arginine results in a mutant
evoid of kinase activity but able to inhibit the agonist-
nduced phosphorylation of b2-adrenergic, angiotensin
I, a1B-adrenergic, and d-opioid receptors in transfected
ells (31–33). Likewise, we replaced the equivalent
ys215 of GRK6 by an arginine (GRK6-R). However,
hile it is clear from in vitro and cell transfection

tudies that GRK2-R behaves as a dominant negative
utant, it is not established that the mutation K215R

n GRK6 yields a dominant negative mutant. Indeed,
RK6 is highly homologous to GRK5 which has been

hown to be autophosphorylated on Ser484 and Thr485.
n the case of GRK5, it has been shown that an active
RK5 mutant, which lacks phosphoamino acids at po-

itions 484 and 485, has a 15-20-fold reduced ability to
hosphorylate the b2-adrenergic receptor and rhodop-
in compared to the wild-type kinase (7). As GRK5,
RK6 possesses the putative autophosphorylation mo-

if DIEQFSTVKG (residues 479 to 488) but is poorly
utophosphorylated in vitro (17). However, one cannot
xclude the possibility that GRK6 is autophosphory-
ated in a cellular context. Autophosphorylation might
e required for the efficient interaction of GRK6 with
ts substrate(s). By essence, GRK6-R is unable to be
utophosphorylated and may behave as a dead kinase
ather than a dominant negative kinase. A mutant
hat mimics a possible autophosphorylated state was
herefore constructed by replacing Ser484 and Thr485 by
spartic acid residues in GRK6-R, yielding the mutant
inase GRK6-RDD.
To examine if the overexpression of the mutant ki-

ases inhibited the C5a-induced phosphorylation of
5aR, we transiently coexpressed either GRK2-R,
RK6-R, or GRK6-RDD with the receptor in COS-7

ells. The same number of C5a-stimulated receptors
as immunoprecipitated and the level of radioactivity

ncorporated in the receptor was determined after elec-
rophoresis on polyacrylamide gel. No significant dif-
erence in the level of phosphorylation could be ob-
erved with either of the three mutant kinases (Fig. 2).
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ltogether the results suggest that C5aR is not a good
ubstrate for GRK2 and GRK6.

Evidence that GRK6 is autophosphorylated in COS-7
ells. Although Loudon and coworkers have shown
hat recombinant GRK6 purified from Sf9 cells is very
oorly autophosphorylated in an in vitro assay (17),
ne cannot exclude the possibility that GRK6 behaves
ifferently in a cellular context. Indeed, the following
xperiments provide strong evidence that GRK6 is au-
ophosphorylated in COS-7 cells.

The wild-type GRK6 and the different GRK6 mu-
ants shown in Fig. 3A were expressed in COS-7 cells.

hen the recombinant proteins were analyzed by im-
unoblotting after direct lysis of the cells in Laemmli

ample buffer, different patterns of electrophoretic mo-
ility were observed. Wild-type GRK6 migrated as a
oublet of 63 kDa and 66 kDa (Fig. 3B, left panel).
either the 63 kDa species nor the 66 kDa species was
etected in cells transfected with an empty expression
ector, indicating that both bands were related to
RK6. Only the 63 kDa species could be detected in

ysates of cells transfected with GRK6-R (Fig. 3B, left
anel), suggesting that GRK6 undergoes a post-
ranslational modification which is dependent on the
hosphotransfer reaction catalyzed by Lys215.
This latter observation is reminiscent of the behavior

f GRK5 which also migrates as a doublet after auto-
hosphorylation or as the fast moving band of this
oublet when ATP is absent or when the invariant
ys215 is replaced by an arginine (34). The retarded
lectrophoretic migration of GRK5 appears to result
rom phosphorylation of Ser484 and Thr485. A GRK5
utant, in which the replacement of Ser484 and Thr485

y an aspartic acid residue mimics phosphoserine or

FIG. 2. Overexpression of GRK2-R, GRK6-R, and GRK6-RDD
ails to inhibit the agonist-mediated phosphorylation of C5aR in
OS-7 cells. COS-7 cells were cotransfected with C5aR and mutant
inases (GRK2-R, GRK6-R, or GRK6-RDD). Control cells were co-
ransfected with C5aR and an empty vector (pBC12BI). Metabolic
abeling and C5a stimulation were performed as described in the
egend to Fig. 1. The immunoprecipitated material was submitted to
DS–PAGE and autoradiography on Fuji RX films. The figure is
epresentative of two independent experiments.
227
lectrophoretic mobility as autophosphorylated GRK5
34). Likewise, when lysates from cells transfected
ith mutant GRK6 carrying the corresponding muta-

ions (GRK6-DD and GRK6-RDD) were analyzed by
mmunoblotting, both mutant proteins were found to

igrate as a single species of 66 kDa (Fig. 3B, right
anel). This result strongly suggests that the 66 kDa
and represents autophosphorylated GRK6.
Unfortunately, the rabbit polyclonal antibody used

n this study as well as another antibody directed to
esidues 391 to 408 in GRK6 had no ability to immu-
oprecipitate GRK6. Therefore, we were unable to
emonstrate the incorporation of phosphate in GRK6
fter metabolic labeling with [32P] orthophosphoric
cid. We made the assumption that, if the 66 kDa
eadily represents an autophosphorylated form of
RK6, the protein phosphatases that are present in

ell extracts should rapidly induce the conversion of
he 66 kDa band into a single species with an apparent
ass of 63 kDa. Conversely, inhibition of serine and

hreonine protein phosphatases should block this con-
ersion. As shown in Fig. 4A (left panel), lysis of cells in
non-denaturing buffer without phosphatase inhibi-

ors yielded exclusively a 63 kDa protein, whereas a
ajor species of 66 kDa and a minor species of 63 kDa
ere recovered in the presence of protein phosphatase

FIG. 3. Western blot analysis of wild-type and mutant forms of
RK6. (A) Positions of the mutated residues in the primary sequence
f GRK6. (B) COS-7 cells were transfected with either an empty
ector pBC12BI (mock), or a vector encoding GRK6, GRK6-R,
RK6DD, or GRK6-RDD as described under “Experimental Proce-
ures.” After three days, cells were directly lysed in 2-fold Laemmli
ample buffer under reducing conditions and samples were analyzed
y immunoblotting with affinity-purified anti-GRK6 IgGs. Bound
rimary IgGs were detected with 125I-labeled Protein A and autora-
iography on Fuji RX films.
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ies could arise from a limited proteolysis of the
-terminal region is very unlikely as revealed by the

ollowing control experiment. The mutant protein
RK6-RDD was not converted into a fast moving spe-

ies, even after a prolonged exposure at 37°C, in the
bsence of protein phosphatase inhibitors (Fig. 4A,
ight panel). In addition, the conversion of the 66 kDa
and to the 63 kDa species was partially prevented by
kadaic acid for concentrations superior to 100 nM
Fig. 4B). Given the lack of effect of okadaic acid for
oncentrations lower than 100 nM, the protein phos-
hatase 2A is unlikely to be the major serine/threonine
rotein phosphatase that controls the state of phos-
horylation of GRK6. Inhibition of PP2A is indeed
nown to occur in vitro at subnanomolar concentra-
ions of okadaic acid (35).

To evaluate the time course of conversion of the 66
Da band to the 63 kDa species, non-denatured cell
ysates were incubated for various period of time, at
7°C, in the absence of phosphatase inhibitors. The
atio of conversion was assessed by immunoblotting
nalysis. Quantification of the bound 125I-labeled pro-

FIG. 4. Phosphatase inhibitors inhibit the mobility shift of
RK6. (A) Left panel: COS-7 cells transfected with wild-type GRK6
ere lysed in 1% Triton X-100 in the absence or presence of phos-
hatase inhibitors (2 mM cyclosporine A, 1 mM okadaic acid, 60 nM
K506, 10 mM NaF, 250 mM Na3VO4). Lysates were incubated for 0,
5, or 90 min at 37°C. Right panel: lysates of cells expressing either
RK6-R or GRK6-RDD were incubated, at 37°C, in the absence of
hosphatase inhibitors for various periods of time. At the end of the
ndicated periods, lysates were further diluted with 4-fold Laemmli
ample buffer and analyzed by immunoblotting with affinity-purified
nti-GRK6 IgGs and 125I-labeled Protein A. (B) COS-7 cells trans-
ected with wild-type GRK6 were lysed in Triton X-100 supple-
ented with various concentrations of okadaic acid and analyzed by

mmunoblotting. The conversion of the 66 kDa form of GRK6 into a
3 kDa species was inhibited when the concentration of okadaic acid
as higher than 60 nM. The figure is representative of three inde-
endent experiments.
228
ein A indicated that this conversion was half-maximal
n less than one minute (Fig. 5).

Taken together the data strongly suggest that
RK6, like GRK5, is autophosphorylated on Ser484 and
hr485. Based on the relative intensity of the two bands,

t appears that about 70% of GRK6 molecules are
aintained in an autophosphorylated state in COS-7

ells.

ONCLUSION

Altogether the results suggest that the C5aR is not a
ood substrate for GRK2 or GRK6. This conclusion is
onsistent with the observation that, in leukocytes,
5a is unable to induce the translocation of cytosolic
RK2 to the plasma membrane (22). Translocation of
RK2 has been shown to be facilitated by interactions
ith released Gbg subunits and is therefore considered
s an essential step in GRK2-mediated homologous
esensitization (36, 37). The patterns of electrophoretic
obility of the different GRK6 mutants strongly sug-

est that autophosphorylation does occur on Ser484

nd/or Thr485, making GRK6 much more similar to
RK5 than previously thought. Whether the autophos-
horylation of GRK6 modulates its activity remains
owever to be established.
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