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G-protein-coupled receptor kinases (GRKs) comprise a
family of seven mammalian serine/threonine protein
kinases that phosphorylate and regulate agonist-occupied
or constitutively active G-protein-coupled receptors
(GPCRs). Studies of the details and consequences of
these mechanisms have focused heavily on the original
B-adrenoceptor kinase (B-ARK) family (GRK2 and GRK3)
and, in particular, on phosphorylation-dependent recruit-
ment of adaptor proteins such as the p-arrestins. How-
ever, recent work has indicated roles for the other,
non-visual GRKs (GRK4, GRK5 and GRK6) and has
revealed potential phosphorylation-independent regu-
lation of GPCRs by GRK2 and GRK3. In this article, we
review this newer information and attempt to put it
into context with GRKs as physiological regulators
that could be appropriate targets for future pharmaco-
logical intervention.

G-protein-coupled receptors (GPCRs) constitute a very
large family of heptahelical, integral membrane proteins
that mediate a wide variety of physiological processes
ranging from the transmission of light and odorant signals
to the mediation of neurotransmission and hormonal
actions [1,2]. GPCRs represent a major target for
therapeutic agents, and the continuing identification of
orphan GPCRs offers opportunity for future pharmaco-
logical and therapeutic development [3].

Most GPCRs display a rapid loss of responsiveness in
the continuing (or recurring) presence of an agonist or
stimulus, and there is now substantial evidence that this
process of desensitization, at least in part, is a consequence
of ligand-induced phosphorylation of serine and threonine
residues located within the C-terminal domain and/or
the third intracellular loop of GPCRs. Two families of
protein kinases appear to be predominantly involved: the
G-protein-coupled receptor kinases (GRKs), which phos-
phorylate agonist-occupied GPCRs to mediate homologous
receptor phosphorylation, and the second messenger-
activated kinases, such as cAMP-dependent kinase
(PKA) and protein kinase C (PKC), which can phosphor-
ylate both ligand-bound and other inactive GPCRs in a
heterologous manner [4,5]. Phosphorylation by GRKs
enhances receptor affinity for non-visual B-arrestins 1
and 2 (arrestin2 and arrestin3), which not only sterically
suppresses further interaction between the receptor and
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G proteins, but also initiates clathrin-mediated endocy-
tosis of phosphorylated receptors and can promote the
activation of additional signalling pathways by acting as
agonist-regulated adaptor scaffolds [6].

Other protein kinases have also been implicated in
GPCR regulation. For example, evidence has accumu-
lated that casein kinase la might bring about agonist-
mediated phosphorylation of acetylcholine muscarinic
M; receptors and light-activated rhodopsin [7]. Casein
kinase la-mediated phosphorylation does not appear to
be associated with reduced responsiveness of the M;j
receptor but probably contributes to the activation of
extracellular signal-regulated kinases 1 and 2 (ERK1,2) by
this receptor [8,9].

Although research in this area has provided some
remarkable insights into the mechanisms of GPCR
regulation and revealed new information on the long-
established phenomenon of drug-induced desensitization
(tachyphylaxis), many issues remain unresolved. Almost
all of the mechanisms described have been identified
following research on the intensely studied GRK2 and
GRKS3 family [originally known as B-adrenoceptor kinase 1
and 2 (3-ARK1,2)] and it has been widely assumed (often
without evidence) that common mechanisms apply to
GRK4, GRK5 and GRKS. It is becoming increasingly clear
that these GRKs display different tissue distributions,
subcellular localization and regulation of their intrinsic
kinase activity [10,11]. However, it is not clear whether
these kinases show discrete specificity for groups of
GPCRs in vivo or whether their localization and regulation
allows a more coordinated regulation in concert with other
kinases. In this respect it is also important to stress that
there is substantial evidence that phosphorylation of
GPCRs is not always associated with desensitization
[12—14] and that GRKSs can regulate GPCR signalling in
a phosphorylation-independent manner (Box 1). Finally,
receptor desensitization traditionally requires receptor
phosphorylation before internalization. However, growing
evidence suggests that these processes can occur
independently [15-17]. Thus, it is conceivable that
GRKs 4-6 mediate phosphorylations that affect the
desensitization and/or internalization of specific GPCRs.
GPCR internalization and trafficking have been exten-
sively reviewed recently [18] and, with this in mind, we
focus here specifically on the role of GRKs in the
acute phosphorylation-dependent (and phosphorylation-
independent) desensitization phase of GPCR regulation.
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Box 1. GRKs can regulate GPCRs in a phosphorylation-independent manner

Recent studies have provided evidence that certain G-protein-coupled
receptor kinases (GRKs) can suppress the interaction between G-protein-
coupled receptors (GPCRs) and G proteins in a phosphorylation-
independent manner. Initial surprises came from work on the
aqg-adrenoceptor [71] and the endothelin ET5 and ETg receptors [72],
which demonstrated that overexpression of either wild-type GRK2 or a
catalytically inactive mutant form of this protein suppressed receptor-
stimulated Gag/q11-mediated phospholipase C (PLC) activation. This has
now been observed with several other PLC-linked GPCRs in a variety of
cell backgrounds [24,28,37,73]. Although these phosphorylation-
independent actions of GRK2 were initially attributed to the ability of
GRK2 to sequester GBy-subunits [67], it now seems more likely that
GRK2 selectively binds to the activated form of Gag/1+ (although not to
Gas, Gaj or Gayg/13) to suppress PLC-B activation.

In akey study, Carman et al. [22] revealed that although the N-terminal
regulator of G-protein signalling (RGS)-like domains of GRK2 and GRK3
(see Figures 1 and 2 in the main text) possess only modest GTPase-
activating protein (GAP) activity, they bind avidly to activated Gag1 to
inhibit inositol (1,4,5)-trisphosphate [Ins(1,4,5) P;] generation. Crucially,
the expression of this RGS-like domain alone can inhibit the ability of
several GPCRs to stimulate PLC activity, while exerting no effect on
cAMP production [23]. Although the N-terminals of all GRKs possess
sequences thatare homologousto the RGS family, only GRK2 and GRK3
exhibit this strong interaction with Gagns. Recent studies using
mutations in the RGS homology domain have revealed a novel
sequence, present in only GRK2 and GRK3 (the ‘C-site’ [53]), that avidly
binds to Gagqq. This interaction is different from those of other RGS

GRK structure and distribution

There are three sub-groups within the GRK family. GRK1
(rhodopsin kinase) and GRK?7 (cone opsin kinase) form
one distinct sub-group that is only found in retinal cells.
The non-visual GRKs divide into two sub-groups: the
GRK2 subfamily, consisting of GRK2 (3-ARK1) and GRK3
(B-ARK2), and the GRK4 subfamily, consisting of GRK4,
GRK5 and GRK6. GRK4 is predominantly found in the
testes [19] and, to lesser extent, in some brain regions and
the kidney [20,21], whereas GRKs 2, 3, 5 and 6 are widely
expressed (Table 1).

The basic structure of non-visual GRK family members
is similar (Figure 1), with a highly conserved central
(263—266 amino acid) catalytic domain. The N-terminal
185 amino acid region displays considerable homology
between individual GRKs. The similarity of the N-termini
of GRKs has led to speculation that this region might be
important in receptor recognition. All non-visual GRKs
have a regulator of G-protein signalling (RGS) domain

Table 1. Tissue distribution of GRKs®~¢

proteins and maps almost exclusively to the a5 helix of the RGS-like
domain of GRK2 [53].

The unique and potent interactions of GRK2 and GRK3 with Gog/11
raise the question of their significance: that is, do these GRKs act
principally as C-site RGS-like proteins in vivo? A criticism that can be
raised is whether such effects are a consequence of overexpression of
GRK2 or GRK2 mutants. Suppression of endogenous GRK expression in
primary cells using an antisense strategy or RNA interference approach
might help address this importantissue. Indeed, Perroy et al. [30] using a
short interfering RNA (siRNA) strategy have recently provided evidence
that GRK4 might also regulate GABAg receptors in a phosphorylation-
independent manner. Whether this action results from binding to Ga;/, or
the receptor remains to be established. Earlier studies on endothelin [72]
and parathyroid hormone [74] receptor signalling established that GRK2
caninteract directly with the receptor, probably by an interaction with the
N-terminus of GRK2. Indeed, Dhami et al. [24] have demonstrated that an
N-terminal polypeptide of GRK2 (***~"8®GRK2) co-immunoprecipitates
with the type 1 metabotropic glutamate receptor and suppresses its
signalling potential. This suggests that, in addition to their interaction
with Gag/11, GRK2 and GRK3 (and perhaps GRK4) might also interact with
GPCRs, but again emphasizes a phosphorylation-independent regu-
lation of GPCRs. An investigation [57] of the crystallographic structure
of bovine GRK2 complexed with GBy-subunits has revealed that the
kinase can bind the GPCR and G- and Gag11-subunits simultaneously
and the authors of this study suggested that this might acutely
attenuate signalling while kinase-mediated phosphorylation and
recruitment of arrestins is being completed to terminate signalling.

within the N-terminus region (Figure 1), which provides a
potential mechanism by which GRKs might regulate
GPCR signalling via phosphorylation-independent mech-
anisms. Indeed, growing evidence suggests that this could
be the case for GRK2 and GRK3 [22—-24] (Box 1). GRK4-6
possess a highly conserved binding site (amino acids
22-29 for GRK5) for phosphatidylinositol (4,5)-bispho-
sphate [PtdIns(4,5)Ps], which is thought to enhance
catalytic activity [10].

The C-terminal of GRK2 and GRKS3 is longer than that
of the GRK4 subfamily, and contains a 125 amino acid
pleckstrin homology (PH) domain. This domain contains
binding sites for both PtdIns(4,5)Ps and free GBvy, which
play a role in targeting and translocation of these
primarily cytosolic GRKs to membranes following GPCR
activation [10]. More recently, a second binding site for
GpRvy-subunits has been identified within the first 53 amino
acids of GRK2 [25], which suggests that either the N- or
the C-terminal regions might be sufficient to allow GRK2

Tissue GRK2 GRK3 GRK4 GRK5 GRK6 Refs

Brain + (mRBNA and protein by  + + (Purkinje cells) + (mRNA and protein by + (mRNA and protein by  [61,64]
WB) WB) WB)

Heart + (mRNA and protein by + [61]
WB)

Haematopoietic + (mRNA and protein by + (WB) + (mRNA and protein by  [62,65]
WB) WB)

Lungs + + [61]

Kidney + + [29,61]

Skeletal muscle  + + (ELISA) + [61]

Testes + [61]

Olfactory + [63]

2GRKs 2, 3, 5 and 6 are thought to be expressed ubiquitously throughout all tissues; however, the data shown indicate studies that identify tissues in which individual GRKs are

highly expressed.
PGRK mRNA was detected, unless otherwise indicated.

°Abbreviations: ELISA, enzyme-linked immunosorbent assay; GRK, G-protein-coupled receptor kinase; WB, western blot.
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Figure 1. The structure of non-visual G-protein-coupled receptor kinases (GRKs). All GRKs possess a conserved N-terminal regulator of G-protein signalling (RGS)-like
domain [22], the relevance of which is discussed in Box 1. In addition, all GRKs have a highly conserved central serine/threonine kinase catalytic domain. The major differ-
ences between members of the GRK subfamilies occur within the N- and C-terminal domains. The GRK2 and GRK3 subfamily are primarily cytosolic proteins that are
recruited to the plasma membrane following activation of receptors by agonists, a process that is aided by two specific domains at either end of the protein. The C-terminal
pleckstrin homology (PH) domain contains sites for GBy and phosphatidylinositol (4,5)-bisphosphate (PIP,) binding [10]. More recently, the N-terminal RGS-like domain
has been shown to bind to activated GTP-bound Gag/11 [22], which not only blocks the interaction of Gag/q1 with phospholipase C (PLC), but might also assist the correct
targeting of GRK2 and GRK3 before receptor phosphorylation [57]. A second GBvy binding site has recently been mapped to the N-terminus of GRK2 [25] (dark green),
which, given the almost complete sequence homology between the two kinases in this region, also suggests a similar site for GRK3. The GRK4-6 subfamily is predomi-
nantly membrane associated. For GRKs 4 and 6 this is achieved via palmitoylation at cysteine residues within the C-terminal region [10]. GRK5 contains a polybasic region
of 43 amino acids (547-590) [26], which interacts with negatively charged plasma membrane lipids. In addition, GRKs 4, 5 and 6 possess a PIP, binding region within the
N-terminus, which is also thought to assist in membrane association. Amino acid numbering is given for the human GRK family members.

targeting to the membrane. GRK4 and GRK6 are post-
translationally palmitoylated at one or more cysteine
residues clustered within the last 15—20 amino acids of the
C-terminus, leading to an exclusive membrane-associated
localization [10]. GRKS5 is also predominantly membrane
associated, and in this case localization is not achieved
through lipidation but instead through the PtdIns(4,5)Py
binding domain of the N-terminus and a polybasic region
(amino acids 547-560) close to the C-terminus [26].
Further heterogeneity is possible within the GRK4
subfamily because both GRK4 and GRK6 are expressed
in multiple splice variant forms [27]. Indeed, one splice
variant of GRK4 lacks the N-terminal PtdIns(4,5)P,
binding region, although the physiological significance of
isoformic variation is not understood at present. GRKs 1
and 7 share many structural similarities with the non-
visual GRKs, including an N-terminal RGS-like domain
and central catalytic domain. Both GRK1 and GRK7 are
membrane associated; however, unlike GRKs 4 and 6, this
association is via post-translational farnesylation at the
C-terminal.

Experimental approaches

In many studies the involvement of various GRKs in the
regulation of GPCRs is often implied by overexpression of
both receptor and kinases, usually in heterologous
expression systems. Although this approach indicates
that certain GPCRs can be substrates for several GRKs,
it is limited because it fails to determine whether
endogenously expressed GRKs regulate GPCR function.
With this in mind, we focus here on studies in which
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manipulation of the activity of endogenous GRKs is the
adopted strategy. In a large number of studies this has
been achieved by the overexpression of ‘catalytically dead’
dominant-negative GRK constructs and this has led to
important conclusions regarding endogenous Kkinases.
However, it should be noted that this too is an over-
expression approach and, in addition to competing with
endogenous kinases, such mutants might also bind to
receptors or other regulatory proteins. Thus, their use
should be undertaken with caution and, where possible, in
conjunction with alternative (e.g. antisense and/or RNA
interference) approaches.

What do we know about endogenous GRK4, GRK5 and
GRKG6 function?

GRK4

Because of its limited distribution (Table 1) GRK4 has
tended to be overlooked as a kinase that might regulate
GPCRs other than those expressed in the testes. However,
GRK4 appears to play a specific role in the regulation of
GPCRs in tissues in which its expression is relatively high
(e.g. cerebellar Purkinje cells [21,28] and the renal
medulla [20]). Studies using antisense oligonucleotides
to reduce selectively the expression of GRK2 or GRK4 in
rat Purkinje cells or human renal proximal tubule cells
have revealed key differences between these kinases. In
Purkinje cells, loss of GRK4, but not loss of GRKZ2,
inhibited type 1a metabotropic glutamate (mGlu,,) recep-
tor desensitization [21]. In addition, reduction of GRK4
expression in renal proximal tubular cells produced a
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concurrent reduction of dopamine D1 receptor desensiti-
zation, whereas loss of GRK2 in this tissue had no effect on
such desensitization [29]. Very recent studies [30] that
used a short interfering RNA (siRNA) approach to
decrease GRK4 activity has provided strong evidence for
a specific role of GRK4 in the desensitization of GABAg
receptors in cerebellar granule cells. Moreover, this effect
appeared to be mediated independently of kinase activity.
A transgenic mouse overexpressing the polymorphism
A142V GRK4 has been reported to display a hypertensive
phenotype that is associated with impaired Na™ excretion
[31]; however, the knockout GRK4 /~ phenotype has not
yet been described.

GRK5

Despite several studies that have shown that GRK5 is able
to phosphorylate many GPCRs when coexpressed in
heterologous systems, relatively few studies have exam-
ined either endogenously expressed receptors or specific
inhibition of endogenous GRK5 function. Shetzline and
co-workers found little selectivity between GRKs for
vasoactive intestinal polypeptide type 1 (VPAC,) receptor
phosphorylation and desensitization when GRK and
receptors were coexpressed in HEK293 cells [32]. How-
ever, only GRK5 and GRK6 were able to desensitize
endogenously expressed VPAC; receptors. Endogenous
GRK5 also appears to play an important role in the
regulation of thrombin-activated signalling in human
dermal microvascular endothelial cells [33]. Overexpres-
sion of wild-type GRK5 decreased thrombin-induced
phosphoinositide hydrolysis and intracellular Ca®"
responses, whereas introduction of a dominant-negative
GRK5 enhanced thrombin-induced Ca®" signalling.
GRK2, GRK6 and dominant-negative GRK2 were ineffec-
tive. Using full-length antisense constructs for GRK5 and
GRK6 stably expressed in FRTL5 rat thyroid cells,
Nagayama et al. [34] showed a selective inhibition of
thyrotropin receptor desensitization in GRKb5-deficient,
but not GRK6-deficient, cells.

Initial studies from GRK5 /~ knockout mice showed an
enhanced sensitivity to the central administration of
the muscarinic receptor agonist oxotremorine [35]. The
reported behavioural changes associated with GRK5
knockout, enhanced hypothermia and hypoactivity,
suggest that central muscarinic receptors are regulated
by endogenous GRK5. This interaction appeared to be
specific because D1 or 5HT;5 receptor regulation were
unaffected by GRK5 ablation [35].

GRK6

Growing evidence highlights the potential role of endogen-
ous GRK6 in GPCR regulation. Lazari et al. [36] have
shown that inhibition of endogenous GRK2 or GRKS6, via
the introduction of dominant-negative kinase constructs,
blocked rat follitrophin receptor phosphorylation equally
in HEK293 cells. However, only inhibition of endogenous
GRK2 led to inhibition of follitrophin receptor inter-
nalization. When expressed in HEK293 cells depleted
of GRKs 2, 5 or 6 through the use of antisense oligo-
nucleotides, the calcitonin gene-related peptide receptor
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appeared to be specifically regulated by endogenously
expressed GRK6 [37].

As stated above, when overexpressed many GRKs are
able to phosphorylate GPCRs in an agonist-dependent
manner. Indeed, we recently showed that stable over-
expression of either GRK3 or GRK®6 is able to enhance
phosphorylation of the endogenously expressed muscar-
inic M3 receptor in SH-SY5Y neuroblastoma cells [38].
However, only GRK6-mediated phosphorylation was
accompanied by enhanced receptor—G-protein uncou-
pling. Furthermore, inhibition of endogenously expressed
GRKG6 via the stable expression of the dominant-negative
kinase (¥?1°®GRKS6) led to a 50% inhibition of both agonist-
stimulated M3 receptor phosphorylation and subsequent
receptor—G protein uncoupling [39]. These data suggest
that GPCR-GRK interactions might prove to be highly
specific when examining the regulation of endogenously
expressed receptors. Thus, recent studies have revealed
that overexpression of dominant-negative GRK6 in
NG108-15 mouse neuroblastoma x rat glioma cells
blocked the desensitization of endogenous secretin recep-
tors [40], whereas dominant-negative GRK5 had no effect.
By contrast, knockout of up to 70% of GRK2 using an
antisense strategy in the same cells had no effect on
secretin receptor responsiveness but selectively enhanced
adenosine A, receptor signalling [41]. Finally, very recent
observations that GRK6 rather than GRK2 initiates
homologous B-adrenoceptor desensitization in uterine
smooth muscle cells [42] highlight that this GPCR can
be a target for different GRKs depending on the tissue and
perhaps the physiological status.

Further strong evidence for the involvement of GRK6 in
the regulation of GPCR signalling has come from studies
using GRK knockout mice. Comparison of the chemotactic
responses of T and B cells isolated from GRK5 '~ or
GRK6 ™/~ mice indicated that GRK6-deficient cells were
impaired in their ability to respond to the chemokine
CXCL12 (a selective ligand for the chemokine receptor
CXCR4), whereas GRKb5-deficient cells were unaffected
[43]. The potential role of GRK6 in dopamine receptor
regulation has also been highlighted recently in GRK6 "/~
mice, which showed supersensitivity to psychostimulant
drugs [44]. Thus, cocaine- and amphetamine-induced
locomotor activity was enhanced in GRK6 '~ mice
compared with wild-type animals, despite unaltered
dopamine homeostasis. These data, together with evidence
for an enhanced coupling of dopamine D2 and D3 receptors
to Gy, proteins in GRK6 ™/~ mice, suggest that GRK6
regulates postsynaptic D2 and/or D3 receptors.

Does the regulation of non-visual GRKs provide clues to
their specificity?

Although it is well established that agonist activation of
GPCRs is a prerequisite for GRK-mediated phosphoryl-
ation, relatively little is known about the exact recruit-
ment signals for individual GRKs. The simplest model that
can be proposed is one where the conformational change
following agonist binding exposes domains of the receptor
to ‘random’ kinase phosphorylation and the kinase(s)
responsible will be determined by kinase availability and
localization [10,45]. However, this model seems unlikely to
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Table 2. Regulation of non-visual GRK activities®

Regulator GRK Effect Region of GRK involved Refs
a-Actinin All GRKs Inhibits catalytic activity N-terminal [66]
Ca?*—calmodulin GRKs 2-6 Inhibits GRK activity; potency ICsq: For GRK5 N-terminal (aa 20-39) [48,60]
GRK5 (40 nM) > GRK4 (80 nM) > GRK6 > and C-terminal (aa 540-578)
GRK2 (2 pM)
Caveolin Probably all Inhibits catalytic activity N-terminal [46]
Gag/ GRK2, GRK3 Inhibits PLC signalling via physical binding RGS domain on N-terminal [22,23]
to GTP-bound Ga
GRy GRK2, GRK3 Required for membrane association and N-terminal (aa 1-53) and C-terminal [25,67]
GPCR targeting PH domain (aa 643-670)
PtdIns(4,5)P, All GRKs Stimulates catalytic activity and promotes C-terminal for GRK2, and GRK3 PH [10]
membrane association domain; N-terminal for GRKs 4, 5 and 6
(aa 22-29)
PtdSer GRK2 Stimulates kinase actvity C-terminal probably distal to PH domain [10]
PKC GRK2, GRK5 Promotes GRK2 membrane recruitment; GRK2 Ser29; N-terminal GRK5 (within [58,68,69]
inhibits GRK5 activity aa 571-590)
MAPK (ERK) GRK2 Inhibits catalytic activity Serine 670 [55]
c-Src GRK2 Stimulates catalytic activity and enhances N-terminus (aa 13, 86, 92) [69,70]
GRK2 degradation

2Abbreviations: aa, amino acid; ERK, extracellular signal-regulated kinase; GPCR, G-protein-coupled receptor; GRK, G-protein-coupled receptor kinase; MAPK, mitogen-
activated protein kinase; PH, pleckstrin homology; PKC, protein kinase C; PLC, phospholipase C; PtdIns(4,5)P,, phosphatidylinositol (4,5)-bisphosphate; PtdSer,
phosphatidylserine; RGS, regulator of G-protein signaling; Src, non-receptor tyrosine kinase Src.

describe the major physiological mechanism because
other receptor domains exposed on agonist binding appear
to promote GRK-receptor interactions independently of
regions that are subsequently phosphorylated [10,45].
Despite the lack of information regarding the initiation of
GPCR and GRK interactions, many positive and negative
regulators of GRK activity have been identified and
reviewed extensively [10,45,46]. Thus, a diverse array of
proteins and lipids can regulate GRK activity, either
affecting membrane localization or enzymatic activity as a
result of GRK phosphorylation by a variety of kinases.
Some of these interactions are shown in Table 2 and
Figure 2.

In the case of GPCRs that couple to PLC-B via Gog11 or
GBy, an array of regulatory features could determine the
overall regulation of signalling by different GRKs
(Figure 2). Activators of these GPCRs can dramatically
deplete membrane PtdIns(4,5)P; levels within seconds of
agonist addition [47], raise the intracellular concentration
of Ca®" many-fold, and recruit and activate several PKC
isoenzymes through increases in the levels of diacylgly-
cerol and/or Ca®" Membrane association of the different
GRKs is regulated by multiple factors (e.g. covalent
lipidation and Gy binding), and it is therefore possible
that local or global PtdIns(4,5)Py depletion might differ-
entially affect the anchoring of the GRK2 and GRK3
proteins at the plasma membrane compared with mem-
bers of the GRK4 subfamily [10]. Likewise, activation of
PKC might be anticipated to enhance GRK2 activity but
diminish the activity of GRK5 towards GPCR phosphoryl-
ation, and the relative affinity of Ca®"—calmodulin for
the different GRKs [48] also highlights the potential
for differential regulation of the non-visual GRKs. Collec-
tively, therefore, one might anticipate that if multiple GRKs
are coexpressed in certain tissues, GRK2, but not GRKS5,
might be a favoured regulator of Gog/1—PLC-coupled
GPCRs. However, the reality of this in functioning intact
cells or within tissues in vivo lacks evidence at present.
Indeed, Budd et al. [49] failed to observe an alteration in
agonist-mediated phosphorylation of the B-adrenoceptor
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in Chinese hamster ovary (CHO) cells, despite dramatic
alterations in PtdIns(4,5)P, and Ca?" concentrations
mediated by M3 receptor co-activation. It will be important
for these studies to be extended to cells in which GRKs 4, 5
and 6 are known to be active in modifying GPCR functions.
The complex nature of kinase-mediated receptor phos-
phorylation is highlighted in studies that have attempted
to determine the individual phospho-acceptor sites
involved. Three serine residues were identified in the
C-terminal tail of the bradykinin B, receptor as principal
phospho-acceptor sites [13]. Despite the lack of apparent
selectivity between GRKSs, phosphopeptide mapping
identified distinct phosphorylation profiles between differ-
ent GRKs, suggesting the possibility of differential
regulation. More recently, an elegant study using phos-
pho-specific antibodies directed against four individual
serine-containing epitopes within the C-terminal tail of
the chemokine receptor CCR5 highlighted the distinct
stimulus strength and temporal patterns of PKC- and
GRK-mediated phosphorylation [50]. Overall, there is
increasing evidence for specificity of GRK—GPCR inter-
actions when endogenous kinases are investigated in
physiological settings. As more is revealed about the
differential regulation and/or recruitment of different
GRKs and the specific patterns of receptor phosphoryl-
ation, it would seem certain there will be a renewed
appreciation of the specificity of the non-visual GRKs.

Potential therapeutic targets for selective GRK inhibition
Despite the use of heparin, Zn®" and suramin as
nonselective inhibitors directed at the ATP binding site,
at present there are no specific inhibitors of individual
GRK activity. This is perhaps surprising because GRK
expression levels are known to change in several disease
states [10], and could be considered to be logical molecular
targets with respect to the pharmacological manipulation
of GPCR responsiveness. Furthermore, there are several
distinct structural differences between the GRK subfami-
lies that could be exploited for therapeutic intervention.
However, approaches using subtype-specific antibodies or
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Figure 2. Models of potential G-protein-coupled receptor kinase (GRK) regulation of phospholipase C (PLC)-coupled receptors. (a) Regulation of the GRK2 and GRK3 sub-
family. Both GRK2 and GRKS3 are cytosolic proteins that are recruited to the plasma membrane after receptor activation. GRK2 activity is enhanced by protein kinase C
(PKC) phosphorylation [58], and Src has been shown to phosphorylate GRK2 and enhance catalytic activity after receptor stimulation [59]. GRK2 is negatively regulated by
Ca?*-calmodulin (CaM) and mitogen-activated protein kinase (MAPK; extracellular signal-regulated kinase), which highlights a potential negative feedback regulation of
GRK2. (b) Little is known about the mechanisms that underlie recruitment of the GRK4 subfamily. However, all members of the subfamily are constitutively membrane
associated (see Figure 1). In addition, all members of this group possess an N-terminal phosphatidylinositol (4,5)-bisphosphate binding domain, which is thought to
be involved in receptor targeting and membrane association, in addition to stimulation of catalytic activity [10]. The GRK4 subfamily members are highly sensitive to
Ca?*—CaM (relative to GRK2 and GRK3). The regulation of GRK5 has been studied in greatest depth, with CaM binding sites being mapped to the N- and C-termini [60].
Current evidence suggests that the latter is of greater functional significance [48,60]. CaM binding leads to loss of GRK5 membrane association [48]. Phosphorylation by
PKC, mapped to amino acids 571-590 [26], inhibits GRK5 activity. Abbreviations: a1, a-subunit of Gg11 protein; By, By-subunits of Gq/11 protein; DAG, diacylglycerol;
Ins(1,4,5)P;, inositol (1,4,5)-trisphosphate; P, phosphate moiety; PH, pleckstrin homology domain; RGS, regulator of G-protein signalling-like domain; Src, non-receptor

tyrosine kinase Src.

interfering peptides face formidable barriers of access to
allow realistic clinical development.

One potential area of investigation is membrane
association. Inhibition of GRK2 membrane recruitment
in mice overexpressing the PH domain of GRK2 displayed
enhanced cardiac contractility in vivo [51]. Furthermore,
delipidated GRK6 has only a fraction of the catalytic
activity of the palmitoylated form, highlighting the
importance of correct membrane targeting [52].
GRKs are inhibited by Ca®"—calmodulin (Table 2) but
the GRK4 subfamily is more sensitive to such inhibition
than the GRK2 subfamily (by up to 40-fold). Thus, the
development of drugs that target this binding region might
allow selective inhibition of GRK4-6 over the GRK2
subfamily. Conversely, the recently identified differences
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in the potency of the RGS-like domains between GRKs 2
and 3 and GRK4-6 [53] could signal the development of
drugs that target the RGS-like domains of GRK2 and
GRK3 (Box 1). The pharmacological potential for both
positive and negative regulation of RGS proteins to
regulate G-protein activity and hence GPCR function
has been reviewed recently [54]. GRK2 can be phosphory-
lated by ERK, resulting in substantially reduced catalytic
activity [55] and degradation [56], suggesting another
potential site for pharmacological intervention (Table 2).

Concluding remarks

Much new information regarding the phosphorylation and
regulation of GPCRs by GRK2 and GRK3 and their role in
GPCR signalling has been revealed during the past few
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years. More recent studies have started to indicate roles
for GRK4, GRK5 and GRKG6, both in transfected cell lines

an

d in primary cells. However, it remains to be established

whether the multiplicity of GRKs is related to the
specificity or differential regulation of GPCR signalling

or

indeed other, yet to be defined, functions. The

association of particular GRKs within signalling micro-
domains and their specific targeting to, and regulation of,
receptor signalling, trafficking and switching is a key area

of

current and future investigation. Similarly, the clear

evidence that GRK2 and GRKS3 can act as powerful (type C)
RGS proteins to suppress G411 —PLC signalling, indepen-
dently of receptor phosphorylation, needs to be investi-
gated at the level of endogenous signalling components

in

vivo. Collectively, this new information offers novel

targets for future pharmacological intervention.
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