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For decades we have understood that G-protein-coupled
receptors (GPCRs) are crucial links in the relay of informa-
tion from extracellular stimuli to intracellular responses.
Their importance is highlighted by the wide variety of
GPCRs encoded in the human genome (Fredriksson et al.,
2003; Perez, 2003) and the multiple mechanisms by which
they are regulated (Clark, 1986; Palczewski and Benovic,
1991; Kohout and Lefkowitz, 2003). The potential for phar-
macological intervention in GPCR function has led to an
enormous effort to determine the mechanisms of GPCR acti-
vation and desensitization after stimulation by hormones
and drugs. In this issue of Molecular Pharmacology, Willets
et al. (2003) investigate the mechanisms of M3 muscarinic
acetylcholine receptor (mAChR) desensitization in intact
cells after agonist stimulation. These authors have con-
fronted a number of the problems associated with the iden-
tification of protein kinases that mediate desensitization of
GPCRs (see Table 1). It is refreshing to read such a consid-
ered discussion of the types of problems that have hindered
efforts to understand protein kinase regulation of GPCRs.

Perhaps the most well understood protein kinase-medi-
tated desensitization of a GPCR is that of rhodopsin. The
large concentrations of rhodopsin present in rod outer seg-
ments (�3 mM) have allowed detailed analysis of its activa-
tion, regulation, and structure (Molday, 1998; Filipek et al.,
2003) and led to the early recognition of the roles of GRKs
and arrestin in GPCR desensitization. Studies of the rod
outer segment have also led the way in understanding the
regulation of GRKs by recoverin (Polans et al., 1996), and the
role of RGS proteins in the desensitization process (Wensel,
2002). However, despite the ease of analysis of this system, it
has not been immune to the problems listed in Table 1. For
example, early studies based upon cell-free preparations with
purified components, not intact rod outer segments, demon-
strated that seven or eight residues in the carboxyl terminal

tail were phosphorylated by rhodopsin kinase (Wilden and
Kuhn, 1982). More recently, Palczewski and colleagues
(Ohguro et al., 1995; Maeda et al., 2003) have shown that, in
vivo, only one residue is initially phosphorylated by rhodop-
sin kinase and that with more prolonged light stimulation,
two additional residues are phosphorylated.

The elegant body of work on rhodopsin desensitization
illustrates how crucial the synthesis of in vitro and in vivo
approaches is to the illumination of complex mechanisms of
regulation, and it has guided the study of protein kinase
regulation of GPCRs in a variety of cellular systems. An
example of that has been the study of the role of protein
kinases in the desensitization of the �2-adrenergic receptor
(Clark, 1986; Palczewski and Benovic, 1991; Premont et al.,
1995; Kohout and Lefkowitz, 2003). All of the problems out-
lined in Table 1 have been encountered in studies of the role
of �2-adrenergic receptor kinase (GRK2) in desensitization.
As with the rod outer segment system, it has taken the
merger of in vitro work that was crucial to the discovery of
GRK2 with in vivo studies to approach a consensus. To illus-
trate this point, it was initially thought that as many as six
to nine sites were phosphorylated by GRKs on the distal
C-tail of the receptor based on cell-free studies with purified
components (Kim et al., 1993; Fredericks et al., 1996). How-
ever, more recent evidence from studies of intact cells indi-
cates that the number of sites affecting desensitization is
considerably less and that their location is more proximal on
the C-tail than originally thought (Seibold et al., 2000; Fried-
man et al., 2003).

In the work by Willets et al. (2003), it is noted that cell-free
studies identified GRK2 and GRK3 as the protein kinases
that phosphorylate the M3 mAChR (DebBurman et al., 1995)
whereas GRK6 was ineffective. Using dominant negative
GRK2, GRK3, and GRK6, Willets et al. (2003) now show that
muscarinic agonist-induced phosphorylation of endogenous

ABBREVIATIONS: GPCR, G-protein-coupled receptor; mAChR, muscarinic acetylcholine receptor; GRK, G-protein coupled receptor kinase;
RGS, regulator of G protein signaling; eGFP-PHPLC�1; pleckstrin homology domain of PLC�1 labeled with the green fluorescent protein; IP3, inositol
1,4,5-triphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; dn, dominant negative.
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M3 mAChR in SH-SY5Y cells does not involve GRK2 or
GRK3, but rather GRK6. This regulation is not to be con-
fused with the phosphorylation-independent regulation by
GRK2 and GRK3 previously demonstrated by several groups
(Carman et al., 1999; Sallese et al., 2000) and further docu-
mented in the study by Willets et al. (2003). The mechanism
of the phosphorylation-independent regulation seems to be
the formation of complexes between the RGS domain of
GRK2 and Gq. The recent crystal structure of the GRK2/G
protein �� subunit elegantly illustrates how this complex of
the RGS domain and Gq could occur (Lodowski et al., 2003).
The mechanism by which GRK6 recognizes and phosphory-
lates the agonist-occupied receptor, but GRK2 or GRK3 (both
of which are present in these SH-SY5Y cells) do not, remains
to be shown. Importantly, opposite conclusions were derived
from studies of endogenous M3 mAChR versus studies of
overexpressed receptors and cell-free preparations, which
dramatically illustrate the pitfalls of discriminating the roles
of GRKs in intact cells.

In the current (Willets et al., 2003) and prior studies (Wil-
lets et al., 2001, 2002), the authors found that dnGRK6
caused only a 50% inhibition of agonist-stimulated phosphor-
ylation of the M3 mAChR. This illustrates another of the
problems outlined in Table 1, namely that dnGRKs rarely
cause complete inhibition, and one cannot be certain whether
full inhibition of endogenous GRKs was achieved. This
prompted the authors to attempt to determine whether an-
other protein kinase (or some other mechanism) was respon-
sible for the residual 50% phosphorylation. To that end, they
searched unsuccessfully for a role of other protein kinases.
They found that heterologous activation of protein kinase C
by phorbol 12,13-dibutyrate or phorbol 12-myristate 13-ace-
tate indeed caused phosphorylation of the M3 mAChR; how-
ever, it was not stimulated by agonist. They also found that
dominant negative-casein kinase � was without effect on the
phosphorylation of this receptor, although it had previously
been reported that overexpressed receptor in Chinese ham-
ster ovary cells was phosphorylated by this kinase in re-
sponse to agonist (Tobin et al., 1997; Budd et al., 2000), “. . .
highlight[ing] the possible differential regulation of overex-
pressed and endogenous M3 mAChR[s]” (Willets et al., 2003).
Furthermore, they explored possible regulation of GRKs by
protein kinase A, protein kinase C, calmodulin kinase, and
Src (Cong et al., 2001; Fan et al., 2001; Kohout and Lefkow-
itz, 2003); however, no effects were observed.

A novel aspect of the work by Willets et al. (2003) was their
assessment of receptor desensitization in single cells using
the pleckstrin homology domain of PLC�1 tagged with the
green fluorescent protein (eGFP-PHPLC�1) as a monitor of

agonist-induced inositol 1,4,5-trisphosphate (IP3) production.
This approach was pioneered by Klarlund et al. (1997) and
has since been used to monitor changes in the intracellular
concentration of several lipid messengers (Varnai and Balla,
1998; Hirose et al., 1999; Oatey et al., 1999; Balla et al., 2000;
Nash et al., 2001; Tengholm and Meyer, 2002). The basis of
this technique is that the PH-domain translocates from the
plasma membrane to the cytosol in response to agonist stim-
ulation of M3 mAChR and Gq/PLC. The redistribution of
eGFP-PHPLC�1 can be monitored using confocal or evanes-
cent wave imaging techniques. It was initially thought that
the redistribution was caused by reductions of phosphatidyl-
inositol 4,5-bisphosphate (PIP2) concentration (Stauffer et
al., 1998). In a more recent in vitro study, it was shown that
eGFP-PHPLC�1 has �20-fold higher affinity for the product,
IP3, relative to the substrate, PIP2, indicating that the trans-
location is primarily caused by increases in cytosolic IP3

concentration rather than reductions in PIP2 concentration
(Hirose et al., 1999). However, depletion of PIP2 may still
contribute to the translocation of eGFP-PHPLC�1 in vivo.
Careful quantitation of IP3-induced translocation in intact
cells is required to correctly interpret these responses. Such
quantitation of IP3 can potentially be achieved using cali-
brated photolysis of caged-IP3. Other difficulties in interpret-
ing the time course of translocation data are more subtle,
including our lack of knowledge concerning either the con-
centration or distribution of (heterologously expressed)
eGFP-PHPLC�1 within the plasma membrane and the impact
of buffering by eGFP-PHPLC�1 on IP3 signals. The problems
associated with buffering of second messenger signals (e.g.,
Ca2� and cAMP) by other ‘real-time’ biosensors have been
examined in detail (Neher and Augustine, 1992; Pape et al.,
1993; Rich and Karpen, 2002), and it is likely that future
studies will address these concerns for eGFP-PH-domain bio-
sensors.

Despite these difficulties, Willets et al. (2003) were able to
assess desensitization of muscarinic agonist responses in
single cells by monitoring translocation of eGFP-PHPLC�1

throughout the following three step protocol: 1) treatment
with a submaximal concentration (�EC50) of methacholine;
2) wash-in of high agonist concentration; and 3) a second
measurement at the submaximal concentration. The level of
desensitization could then be estimated as the ratio of re-
sponse magnitudes during steps 1 and 3. Interestingly, with
this approach, the estimated level of desensitization is
largely independent of whether eGFP-PHPLC�1 translocation
was primarily triggered by a decrease in PIP2 concentration
(assuming that cellular PIP2 levels were not significantly
depleted during the first two steps) or an increase in IP3

TABLE 1
Difficulties encountered in the study of phosphorylation-induced GPCR desensitization

1. Regulation of overexpressed receptors can differ from that of endogenous receptors
2. Results from cell-free preparations (using purified protein kinases and receptors) are often inconsistent with results from intact cells
3. It is difficult to identify sites phosphorylated by specific protein kinases and to identify the resulting effects on GPCR activity
4. The lack of phospho-specific antibodies to protein kinase sites precludes quantitative interpretation of phosphorylation kinetics
5 Overexpressing dominant negative protein kinases, or knocking out or down specific kinases seldom gives 100% inhibition, and

specificity is difficult to demonstrate
6. Protein kinase regulation of GPCRs is likely to vary between cell- and tissue-types
7. Effects of subcellular localization and trafficking of receptors and protein kinases have not been adequately addressed
8. Receptor phosphorylation may occur in a hierarchical manner
9. Protein kinases are often regulated by multiple signaling pathways

10. Lack of specific protein kinase inhibitors
11. Generally poor understanding of GPCR dephosphorylation
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concentration. Thus, the authors were able to show that
transfection with GRK6 increased desensitization by �80%,
and dnGRK6 inhibited desensitization by �30%, in good
agreement with their phosphorylation data. Overexpression
of either dnGRK2 or dnGRK3 caused 75% suppression of the
agonist-stimulated IP3 responses, consistent with the phos-
phorylation-independent regulation by these GRKs.

To summarize, this study by Willets et al. (2003) demon-
strates the dual mechanism of suppression of agonist re-
sponses: agonist- and phosphorylation-dependent (GRK6)
and agonist- and phosphorylation-independent (GRK2 and
GRK3). It also addresses the pitfalls of depending on either
cell-free analysis of GRK function or on heterologous trans-
fection systems. Clearly, it is important to consider that
whenever possible experiments might best be performed with
endogenous receptors. Ironically, this study depended in part
on �30-fold overexpression of wild-type or dominant-nega-
tive GRKs and therefore could not completely avoid the is-
sues of overexpression. Finally, in a closing statement, the
authors note that “gene silencing by means of antisense or
RNA interference should identify relevant GRKs in the phys-
iological regulation of muscarinic receptors”. We agree and
would add only that all of the problems discussed here (Table
1) and by the authors must be addressed to resolve the
molecular mechanisms of protein kinase-mediated GPCR de-
sensitization.

References
Balla T, Bondeva T, and Varnai P (2000) How accurately can we image inositol lipids

in living cells? Trends Pharmacol Sci 21:238–241.
Budd DC, McDonald JE, and Tobin AB (2000) Phosphorylation and regulation of a

Gq/11-coupled receptor by casein kinase 1alpha. J Biol Chem 275:19667–19675.
Carman CV, Parent JL, Day PW, Pronin AN, Sternweis PM, Wedegaertner PB,

Gilman AG, Benovic JL, and Kozasa T (1999) Selective regulation of G�q/11 by an
RGS domain in the G protein-coupled receptor kinase, GRK2. J Biol Chem 274:
34483–34492.

Clark RB (1986) Desensitization of hormonal stimuli coupled to regulation of cyclic
AMP levels. Adv Cyclic Nucleotide Protein Phosphorylation Res 20:151–209.

Cong M, Perry SJ, Lin FT, Fraser ID, Hu LA, Chen W, Pitcher JA, Scott JD, and
Lefkowitz RJ (2001) Regulation of membrane targeting of the G protein-coupled
receptor kinase 2 by protein kinase A and its anchoring protein AKAP79. J Biol
Chem 276:15192–15199.

DebBurman SK, Kunapuli P, Benovic JL, and Hosey MM (1995) Agonist-dependent
phosphorylation of human muscarinic receptors in Spodoptera frugiperda insect
cell membranes by G protein-coupled receptor kinases. Mol Pharmacol 47:224–
233.

Fan G, Shumay E, Malbon CC, and Wang H (2001) c-Src tyrosine kinase binds the
� 2-adrenergic receptor via phospho-Tyr-350, phosphorylates G-protein-linked
receptor kinase 2 and mediates agonist-induced receptor desensitization. J Biol
Chem 276:13240–13247.

Filipek S, Stenkamp RE, Teller DC, and Palczewski K (2003) G protein-coupled
receptor rhodopsin: a prospectus. Annu Rev Physiol 65:851–879.

Fredericks ZL, Pitcher JA, and Lefkowitz RJ (1996) Identification of the G protein-
coupled receptor kinase phosphorylation sites in the human �2-adrenergic recep-
tor. J Biol Chem 271:13796–13803.

Fredriksson R, Lagerstrom MC, Lundin LG, and Schioth HB (2003) The G-protein-
coupled receptors in the human genome form five main families. Phylogenetic
analysis, paralogon groups and fingerprints. Mol Pharmacol 63:1256–1272.

Friedman J, Tran T, Quanabi E, Baameur F, Moore RH, and Clark RB (2003) Full
and partial agonist-induced PKA and GRK site phosphorylation of the �2-
adrenergic receptor using phospho-site specific antibodies: relationship to desen-
sitization, internalization and ERK activation. Eur J Biochem 270:25.

Hirose K, Kadowaki S, Tanabe M, Takeshima H, and Iino M (1999) Spatiotemporal
dynamics of inositol 1,4,5-trisphosphate that underlies complex Ca2� mobilization
patterns. Science (Wash DC) 284:1527–1530.

Kim CM, Dion SB, and Benovic JL (1993) Mechanism of �-adrenergic receptor kinase
activation by G proteins. J Biol Chem 268:15412–15418.

Klarlund JK, Guilherme A, Holik JJ, Virbasius JV, Chawla A, and Czech MP (1997)
Signaling by phosphoinositide-3,4,5-trisphosphate through proteins containing
pleckstrin and Sec7 homology domains. Science (Wash DC) 275:1927–1930.

Kohout TA and Lefkowitz RJ (2003) Regulation of G protein-coupled receptor ki-
nases and arrestins during receptor desensitization. Mol Pharmacol 63:9–18.

Lodowski DT, Pitcher JA, Capel WD, Lefkowitz RJ, and Tesmer JJ (2003) Keeping
G proteins at bay: a complex between G protein-coupled receptor kinase 2 and G��.
Science (Wash DC) 300:1256–1262.

Maeda T, Imanishi Y, and Palczewski K (2003) Rhodopsin phosphorylation: 30 years
later. Prog Retin Eye Res 22:417–434.

Molday RS (1998) Photoreceptor membrane proteins, phototransduction and retinal
degenerative diseases: The Friedenwald Lecture. Invest Ophthalmol Vis Sci 39:
2493–2513.

Nash MS, Young KW, Challiss RA, and Nahorski SR (2001) Intracellular signalling.
Receptor-specific messenger oscillations. Nature (Lond) 413:381–382.

Neher E and Augustine GJ (1992) Calcium gradients and buffers in bovine chromaf-
fin cells. J Physiol 450:273–301.

Oatey PB, Venkateswarlu K, Williams AG, Fletcher LM, Foulstone EJ, Cullen PJ,
and Tavare JM (1999) Confocal imaging of the subcellular distribution of phos-
phatidylinositol 3,4,5-trisphosphate in insulin- and PDGF-stimulated 3T3–L1 adi-
pocytes. Biochem J 344:511–518.

Ohguro H, Van Hooser JP, Milam AH , Palczewski K (1995) Rhodopsin phosphory-
lation and dephosphorylation in vivo. J Biol Chem 270:14259–14262.

Palczewski K and Benovic JL (1991) G-protein-coupled receptor kinases. Trends
Biochem Sci 16:387–391.

Pape PC, Jong DS, Chandler WK, and Baylor SM (1993) Effect of fura-2 on action
potential-stimulated calcium release in cut twitch fibers from frog muscle. J Gen
Physiol 102:295–332.

Perez DM (2003) The evolutionarily triumphant G-protein-coupled receptor. Mol
Pharmacol 63:1202–1205.

Polans A, Baehr W, and Palczewski K (1996) Turned on by Ca2�: the physiology and
pathology of Ca2�-binding proteins in the retina. Trends Neurosci 19:547–554.

Premont RT, Inglese J, and Lefkowitz RJ (1995) Protein kinases that phosphorylate
activated G protein-coupled receptors. FASEB J 9:175–182.

Rich TC and Karpen JW (2002) Cyclic AMP sensors in living cells: what signals can
they actually measure? Ann Biomed Eng 30:1088–1099.

Sallese M, Mariggio S, D’Urbano E, Iacovelli L, and De Blasi A (2000) Selective
regulation of Gq signaling by G protein-coupled receptor kinase 2: direct interac-
tion of kinase N terminus with activated G�q. Mol Pharmacol 57:826–831.

Seibold A, Williams B, Huang ZF, Friedman J, Moore RH, Knoll BJ, and Clark RB
(2000) Localization of the sites mediating desensitization of the �2-adrenergic
receptor by the GRK pathway. Mol Pharmacol 58:1162–1173.

Stauffer TP, Ahn S, and Meyer T (1998) Receptor-induced transient reduction in
plasma membrane PtdIns(4,5)P2 concentration monitored in living cells. Curr Biol
8:343–346.

Tengholm A and Meyer T (2002) A PI3-kinase signaling code for insulin-triggered
insertion of glucose transporters into the plasma membrane. Curr Biol 12:1871–
1876.

Tobin AB, Totty NF, Sterlin AE, and Nahorski SR (1997) Stimulus-dependent
phosphorylation of G-protein-coupled receptors by casein kinase 1alpha. J Biol
Chem 272:20844–20849.

Varnai P and Balla T (1998) Visualization of phosphoinositides that bind pleckstrin
homology domains: calcium- and agonist-induced dynamic changes and relation-
ship to myo-[3H]inositol-labeled phosphoinositide pools. J Cell Biol 143:501–510.

Wensel TG (2002) RGS9–1 phosphorylation and Ca2�. Adv Exp Med Biol 514:125–
129.

Wilden U and Kuhn H (1982) Light-dependent phosphorylation of rhodopsin: num-
ber of phosphorylation sites. Biochemistry 21:3014–3022.

Willets JM, Challiss RA, Kelly E, and Nahorski SR (2001) G protein-coupled receptor
kinases 3 and 6 use different pathways to desensitize the endogenous M3 musca-
rinic acetylcholine receptor in human SH-SY5Y cells. Mol Pharmacol 60:321–330.

Willets JM, Challiss RA, and Nahorski SR (2002) Endogenous G protein-coupled
receptor kinase 6 regulates M3 muscarinic acetylcholine receptor phosphorylation
and desensitization in human SH-SY5Y neuroblastoma cells. J Biol Chem 277:
15523–15529.

Willets JM, Mistry R, Nahorski SR, and Challiss RA (2003) Specificity of G protein-
coupled receptor kinase 6-mediated phosphorylation and regulation of single-cell
M3 muscarinic acetylcholine receptor signaling. Mol Pharmacol 64:1059–1066.

Address correspondence to: Richard B. Clark, Professor, Department of
Integrative Biology and Pharmacology, University of Texas Health Science
Center at Houston, 6401 Fannin, MSB 4.098, Houston, TX 77030. E-mail:
richard.b.clark@uth.tmc.edu.

Regulation of GPCR Desensitization 1017

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

