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Abstract

G protein-coupled receptor homologous desensitization is intrinsically related to the function of a class of S/T kinases
named G protein-coupled receptor kinases (GRK). The GRK family is composed of six cloned members, named GRK1 to 6.
Studies from different laboratories have demonstrated that different calcium sensor proteins (CSP) can selectively regulate
the activity of GRK subtypes. In the presence of calcium, rhodopsin kinase (GRK1) is inhibited by the photoreceptor-
specific CSP recoverin through direct binding. Several other recoverin homologues (including NCS 1, VILIP 1 and
hippocalcin) are also able to inhibit GRK1. The ubiquitous calcium-binding protein calmodulin (CaM) can inhibit GRK5
with a high affinity (IC50 = 40^50 nM). A direct interaction between GRK5 and Ca2�/CaM was documented and this binding
does not influence the catalytic activity of the kinase, but rather reduced GRK5 binding to the membrane. These studies
suggest that CSP act as functional analogues in mediating the regulation of different GRK subtypes by Ca2�. This
mechanism is, however, highly selective with respect to the GRK subtypes: while GRK1, but not GRK2 and GRK5, is
regulated by recoverin and other NCS, GRK4, 5 and 6, that belong to the GRK4 subfamily, are potently inhibited by CaM,
which had little or no effect on members of other GRK subfamilies. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The continuous communication among cells is fun-
damental to maintain the coherent function and spe-
cialization of the system they are a part of. Central
for the maintenance of this homeostasis are cell sur-
face receptors that receive and transduce inside the
cells signals coming from outside. G protein-coupled

receptors (GPCR) form the largest known family of
cell surface receptors and share the characteristic
structure of seven transmembrane domains. These
receptors bind to a variety of agonists such as pho-
tons, neurotransmitters, hormones and chemokines
thus regulating very diverse functions as vision, ol-
faction, neurotransmission, proliferation and im-
mune processes. The signal transduction process trig-
gered by agonist binding to GPCR consists of
discrete steps and one of the earliest is the coupling
of this complex to heterotrimeric G protein that dis-
sociates in GK and GLQ subunits [1]. They activate or
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inhibit a number of e¡ector enzymes like adenylyl
cyclase, phospholipase C, ion channels or as recently
identi¢ed c-Src and mitogen activated protein kinases
(MAPK), resulting in a variety of cellular functions.

GPCR-mediated signal transduction is strictly
regulated by multiple mechanisms acting at di¡erent
levels of signal propagation. After agonist stimula-
tion, the receptor is desensitized by G protein-
coupled receptor kinase (GRK) phosphorylation
and subsequent binding of arrestin proteins (homol-
ogous desensitization) [2^5]. The activated K subunit
of the G protein (GK) can in turn be inhibited by
RGS (regulators of G protein signalling) proteins [6^
8]. These RGS proteins are functionally homologous
to the well known GAPs (GTPase activating pro-
teins) acting on small G proteins such as Ras. In
fact, RGS proteins interact with GK, thus increasing
its intrinsic GTPase activity.

Most of the studies on GPCR regulation by GRK
have used GRK2 as a prototype kinase. It was
shown by several laboratories that a variety of
GPCR can be regulated by GRK2 likely through
phosphorylation, although a phosphorylation-inde-
pendent mechanism has been reported for desensiti-
zation of parathyroid hormone receptor [9,10].

The existence of multiple mechanisms that regulate
GPCR signalling may have relevant functional con-
sequences. For example, GRK which acts at the re-
ceptor level, should desensitize all the signalling
pathways activated by one receptor, while the RGS
proteins only desensitize the signalling activated by a
given GK protein. GRK2, besides desensitizing the
receptor by phosphorylation, is able to selectively
regulate GKq. The GRK2 N-terminal domain di-
rectly interacts with the activated GKq and regulates
its signalling in a phosphorylation-independent man-
ner [10]. GRK2 can regulate di¡erent GPCR-medi-
ated responses by multiple mechanisms that depend
on the coupling to di¡erent G proteins.

2. GPCR homologous desensitization

The mechanism of signal transduction must be
highly regulated and one of the earlier regulatory
events is homologous desensitization [2]. This is an
adaptive mechanism of the receptors that favours the
regaining of responsiveness after repeated stimuli

over time. In fact, GPCR-mediated signal transduc-
tion must be properly regulated in order to prevent
overstimulation, to achieve signal termination and to
render the receptor responsive to subsequent stimuli
[3]. The term `homologous' means that the desensiti-
zation of the receptor is initiated by the activation of
the same receptor by the agonist.

When the agonist binds to the receptor, it acquires
the suitable conformation to be phosphorylated by
one GRK. Phosphorylation can occur at the C-ter-
minus of the receptor, as for rhodopsin and L2-adre-
noceptors, or at the third intracellular loop, as has
been demonstrated for M2-muscarinic receptor and
K2-adrenoceptor [11]. GRK-phosphorylated recep-
tors are only minimally desensitized but this phos-
phorylation increases the a¤nity for arrestin. Bind-
ing of arrestin to the receptor then induces maximal
homologous desensitization. The next event is the
receptor sequestration in endosomal vesicles, where
it will be degraded (downregulation) or dephosphor-
ylated by speci¢c phosphatases and then recycled to
the membrane.

The biochemical details regarding the receptor re-
generation are still unclear and actively investigated.
In the case of rhodopsin, it has been demonstrated
that the removal of the agonist from the receptor
induces the dissociation of arrestin and allows the
dephosphorylation by protein phosphatase 2A. For
other GPCR it has been shown that the lower pH in
the endosomal compartment is probably responsible
for phosphatase activation and receptor conforma-
tional change that promotes arrestin disassembling
[4].

Distinct from homologous desensitization is the
process of heterologous desensitization which is
mainly determined by second messenger-dependent
protein kinase A (PKA) and protein kinase C
(PKC). The main di¡erence between the two process-
es is that activated PKA or PKC phosphorylates not
only agonist-bound receptors, but also other di¡erent
receptors [3].

3. The GRK gene family

The GRK family is composed of six cloned mem-
bers named GRK1 to GRK6, according to the order
of their identi¢cation (Fig. 1). GRK1, GRK2 and
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GRK3 were previously named rhodopsin kinase,
LARK1 and LARK2, respectively [3^5]. Importantly,
GRK2, 3, 5 and 6 are widely distributed while
GRK1 and GRK4 have selected sites of expression,
in that GRK1 is localized exclusively in the retina,
while GRK4 has been found so far in sperms only
[12].

Based on the sequence homology the six GRK are
classi¢ed in three subfamilies: GRK1 is alone in the
¢rst (RK subfamily), GRK2 and 3 form the second
(LARK subfamily) while GRK4, 5 and 6 constitute
the third (GRK4 subfamily) (Fig. 1). From an evolu-
tionary point of view, RK and GRK4 subfamilies are
more strictly related [3].

GRK2 consists of a central catalytic domain
(F191-G443) a C-terminal domain (G443-L689) in-
volved in membrane targeting and an N-terminal
domain (M1-F191) whose functional role is poorly
de¢ned. GRK2 interacts directly with the dissociated
GLQ and this interaction is important for membrane
translocation and activation of the kinase. The PH
domain that is present within the GRK2 C-terminus
is important for the binding to GLQ. An RGS ho-
mology domain has been identi¢ed within the N-ter-
minus of GRK2 [10] (Fig. 2).

The overall structure of GRK consists of a central
core, which is the catalytic domain, £anked by the
amino-terminal region and the carboxy-terminal re-
gion (Fig. 2). The catalytic domain that also contains
the ATP-binding site is the most conserved region
among all GRK subtypes. Sites of alternative splic-

ing have been identi¢ed for some GRK subtypes and
this topic is still a matter of investigation. No splice
variants have been identi¢ed in human GRK2 and 3
and only one was found in GRK1. For human
GRK4 two sites of alternative splicing have been
identi¢ed, one at the N-terminal domain (exon 2)
and the other at the C-terminal domain (exon 15),
thus resulting in four splice variants (Fig. 1) [12,13].
Alternative splicing could be predicted for GRK5
and 6, as they are closely related to GRK4. So far,
splice variants in rat GRK6, which are di¡erent from
those of GRK4, have been demonstrated [14].

The membrane targeting domains of GRK are
mainly located at the C-terminus, but the anchoring
mechanisms are somewhat di¡erent. GRK1 have a
farnesylation site, while a palmitoylation site is
present in both GRK4 and GRK6 [4]. GRK2 and
3 have an extended C-terminus in which a PH do-
main is located and binding to GLQ targets them to

Fig. 1. GRK gene family. Schematic representation of the six GRK variants showing the common central catalytic domain (open
box), the PH domain in GRK2 and GRK3, the CaM interacting region (CaM), and the putative `RGS box'. Dotted CaM in GRK4
and GRK6 means that this domain is deduced by homology with GRK5. The principal mechanisms of membrane anchoring are indi-
cated: farnesylation for GRK1, GLQ binding for GRK2 and GRK3, palmitoylation for GRK4 and 6, and charges for GRK5 (+++).

Fig. 2. Schematic representation of the three main functional
domains of GRK2/3. The ¢gure shows that the N-terminal do-
main, which contains an RGS homology region, interacts with
GKq. The catalytic central domain interacts and phosphorylates
the GPCR. The N-terminus, which contains a PH domain, in-
teracts with GLQ.
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the membrane (Fig. 1). The GLQ-binding domain
partially overlaps with the PH domain [15]. GRK5
likely binds to membrane phospholipids by positively
charged amino acid clusters located at the C-termi-
nus; on the other hand little is known so far about
the N-terminal domain function.

4. The arrestin gene family

The arrestin family is composed of four members:
one isoform is localized in the retina, another is in
the cones, while L-arrestin1 and L-arrestin2 are ubiq-
uitous [16]. Subtypes 1A and 1B of L-arrestin1 are
distinguished by the inclusion or exclusion of a 24
base/8 amino acid cassette (exon 13) at the C-termi-
nal region [17]. L-Arrestin2 also has two splice var-
iants for the alternative splicing of 33 bases/11 amino
acids in a region closer to the C-terminus [18]. Even
arrestin, which is a single product including exon 13,
was found either with or without exon 13 when ex-
pressed in peripheral blood leucocytes [17]. A new
splice variant from human retina lacking exon 12
has been cloned.

In the classical view of the homologous desensiti-
zation, L-arrestin was considered as the GRK cofac-
tor, which rendered the desensitization process com-
plete. Now evidence is accumulating which indicates
that L-arrestin has the important function to pro-
mote receptor sequestration. Depending on the type
of GPCR, internalization can follow the clathrin
coated or the clathrin uncoated vesicle pathways
[19]. Thus the role of GRK phosphorylation of
GPCR in the sequestration process is to favour L-
arrestin binding. The L-arrestin1 activity in GPCR
sequestration is regulated by phosphorylation. L-Ar-
restin1 is present in the cytosol as a phosphorylated
form on its Ser-412 located at the C-terminus [20]. In
the case of L2-adrenoceptor, it has been demon-
strated that, when L-arrestin1 is recruited to the plas-
ma membrane by agonist stimulation, it is de-
phosphorylated. It has been shown that this
dephosphorylation is important for the receptor se-
questration, but it is not essential for receptor bind-
ing and desensitization.

Recent data have documented that the activation
of MAP kinases by GPCR may require the endocy-
tosis of the receptor [21,22]. The requirement of in-

ternalization for the activation of a transduction
pathway is in striking contrast with the classical
mechanisms, known for example for adenylyl cyclase
or phospholipase C activation. From this novel point
of view, GRK phosphorylation of agonist-bound
GPCR and the binding of L-arrestin are not only
the events of receptor desensitization, but they are
permissive for MAP kinase activation.

5. Homologous desensitization is a regulated event

Homologous desensitization is a general mecha-
nism regulating GPCR signal transduction. Given
the very large number of GPCR (s 1000) and the
relatively low number of GRK (six genes), it appears
evident that the interaction between these proteins is
not based on a one-kinase-for-one-receptor rule.
Most cell types have a variety of GPCR on their
surface and they express more than one GRK that
could phosphorylate and regulate these receptors.
Additionally, di¡erent GPCR can be phosphorylated
by the same GRK subtype, indicating that receptor
speci¢city is not the key determinant for kinase-re-
ceptor interaction. Therefore it is conceivable to hy-
pothesize the existence of intracellular mechanisms
able to regulate the activity of GRK and to provide
some degree of selectivity in the interaction between
GPCR and receptor kinases.

Several mechanisms able to modulate the activity
of GRK have been identi¢ed. As an initial step, the
stimulated receptor (i.e. agonist-occupied) is able to
activate GRK [23,24] by one domain which is ex-
posed upon agonist binding. Two other potent regu-
lators of GRK activity are PIP2 and GLQ, which are
also important for the membrane targeting of these
kinases [25^27]. PIP2, which interacts directly with
GRK and facilitates the membrane association of
the kinase, enhances the ability of all the GRK sub-
types to phosphorylate receptor substrate. In con-
trast the ability of GLQ to enhance the kinase activity
was exclusively seen with the LARK subfamily mem-
bers GRK2 and GRK3. Only GRK2 and GRK3
have an extended C-terminus which contains the
GLQ binding site [28]. All the other GRKs have a
shorter C-terminus lacking either the PH domain
or the GLQ binding sequence.

Intracellular calcium can modulate GRK activity
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by di¡erent mechanisms. For example a raise of cy-
tosolic calcium activates PKC which can phosphor-
ylate di¡erent GRKs. Phosphorylation by PKC has
opposite functional e¡ects on GRK subtypes: GRK2
kinase activity is increased while GRK5 is substan-
tially inhibited. Increased intracellular calcium also
binds to and activates intracellular proteins known
as calcium sensor proteins (CSP).

6. The calcium sensor proteins

Interaction of Ca2� with a large number of Ca2�-
binding proteins represents one of the mechanism by
which this second messenger controls many biologi-
cal processes [29,30]. Calcium binds with high a¤nity
to these Ca2�-binding proteins and induces confor-
mational changes that enable these proteins to inter-
act and regulate a variety of targets. One class of
these proteins shares a common Ca2�-binding motif,
the EF hand. This structural motif, ¢rst identi¢ed in
the crystal structure of parvalbumin, consists of two
perpendicularly placed K-helices (helices E and F in
parvalbumin) and one interhelical loop, which to-
gether form a single Ca2�-binding site. The mecha-
nism of this molecular switch lies in the conforma-
tional change induced by Ca2� binding. EF hand
proteins with regulatory roles are often termed
CSP, whereas those involved in Ca2� bu¡ering and
transport are termed Ca2� bu¡er proteins. CSP rep-
resent a heterogeneous class of proteins which in-
cludes calmodulin (CaM), neurone-speci¢c calcium
sensor proteins named neuronal calcium sensors
(NCS), such as recoverin, visin-like protein (VILIP),
neurocalcin, hippocalcin and the recently identi¢ed
S100 family members. A new subfamily of retinal
calcium-binding proteins (named CABP) has been
recently identi¢ed [31].

7. Interactions between recoverin and GRK1

Recoverin is a 23 kDa myristoylated CSP (also
called S-modulin in the frog) expressed predomi-
nantly in vertebrate photoreceptor cells. Kawamura
[32] reported that S-modulin inhibits the phosphory-
lation of photoexcited rhodopsin in frog retina in a
calcium-dependent manner. This resulted in a pro-

longed lifetime of catalytically active rhodopsin and
therefore in a larger number of transducin molecules
activated by rhodopsin. It was suggested that this
e¡ect could play a major role in light adaptation
[33,34].

The molecular mechanism of recoverin inhibition
of rhodopsin phosphorylation was subsequently elu-
cidated [35,36]. It was found that recoverin acts di-
rectly on rhodopsin kinase (RK) to decrease its cata-
lytic activity and that inhibition of rhodopsin
phosphorylation by recoverin was Ca2�-dependent.
The covalently attached myristoyl residue enhanced
the inhibitory e¡ect of recoverin as determined in an
assay of phosphorylation of urea-stripped rod outer
segment (ROS) membranes by puri¢ed recombinant
RK. The IC50 for myristoylated recoverin was 0.8 WM
and the IC50 for nonacylated recoverin was 8 WM
at saturating Ca2� concentrations. Recoverin binds
directly with high a¤nity to RK in a Ca2�-dependent
manner and this interaction is important for RK in-
hibition.

8. Interactions between CaM and the LLARK
subfamily

Following the evidence that GRK1 is regulated by
recoverin, other studies were performed to test
whether this is a general phenomenon with respect
to other CSP and GRK subtypes. Initial studies were
performed on CaM, which is an acidic protein that is
considered the primary `decoder' of Ca2� informa-
tion in the cell [37,38]. Three di¡erent laboratories
found that GRK2 and GRK3 are inhibited by
CaM in a calcium-dependent manner [39^42]. The
IC50 was 2 WM. Since GLQ is a binding target of
Ca2�/CaM and the binding of GRK2 and 3 to GLQ
is critical for the activation of these two GRK sub-
types, it was proposed that GLQ could represent the
site of indirect interaction between GRK2 and 3 with
Ca2�/CaM. However, CaM was able to inhibit
GRK2 kinase activity even in the absence of GLQ,
indicating that the e¡ect of CaM is not due to se-
questration of GLQ from GRK2. The mechanism of
this inhibition likely involves the direct interaction
between CaM and GRK2. Two distinct CaM-bind-
ing sites located within the N- and C-terminal re-
gions of GRK2 [43] were identi¢ed by performing
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a surface plasmon resonance (SPR) analysis of
GRK2-CaM interaction. The two sites are located
within residues 1^88 and 593^689 of GRK2.

9. Interactions between CaM and the GRK4
subfamily

Further studies demonstrated that among all the
GRK subtypes CaM interacts more potently with
GRK5 [39^42]. The IC50 was 40^50 nM, indicating
that CaM is approx. 50-fold more potent in inhibit-
ing GRK5 kinase activity as compared to GRK2 and
3. The other two members of this GRK subfamily,
GRK4 and GRK6, were also strongly inhibited by
CaM. The inhibitory e¡ect of CaM on GRK4 [12]
and GRK6 [41] was approx. 3-fold lower than that
on GRK5 and approx. 30-fold more potent than that
on GRK2. For GRK4 the calculated IC50 was 80
nM.

The high a¤nity of CaM for GRK5 suggests that
this interaction can be physiologically relevant. This
e¡ect was then extensively characterized [39^44]. A
direct interaction between GRK5 and Ca2�/CaM
was demonstrated using CaM-conjugated Sepharose
4B and con¢rmed using SPR technology on a BIA-
core instrument. The two CaM-binding sites on
GRK5 are located within residues 20^39 in the N-
terminus and 540^578 in the C-terminus [43]. CaM
binding does not in£uence the catalytic activity of
GRK5 as demonstrated by the lack of an inhibitory
e¡ect on its phosphorylating activity on the soluble
GRK substrate casein. Instead, Ca2�/CaM signi¢-
cantly reduced kinase binding to the membrane and
to phospholipid vesicles. It was suggested that CaM
can directly compete for both the phospholipid- and
receptor-binding sites of GRK5. It was also demon-
strated that CaM activated GRK5 autophosphoryla-
tion.

The following model of GRK5 regulation by CaM
was proposed. At resting Ca2� concentrations GRK5
is active and able to phosphorylate agonist-occupied
receptors. When a cell is stimulated and intracellular
Ca2� levels rise, CaM binds to GRK5 and inhibits
directly receptor phosphorylation. However, since
CaM-stimulated autophosphorylation also inhibits
GRK5 activity, the kinase should remain inhibited
even when Ca2� levels go down and CaM dissociates

from the enzyme. Presumably, GRK5 will eventually
be dephosphorylated and return to its basal level of
activity. Thus, CaM-stimulated autophosphorylation
may prolong the inhibitory e¡ect of a transient in-
crease of intracellular Ca2� levels on GRK5. A sim-
ilar regulatory cycle has been demonstrated for
CaM-kinase II [45].

10. Selectivity in the regulation of GRK by CSP

These studies suggest that CSP act as functional
analogues in mediating the regulation of di¡erent
GRK subtypes by Ca2�. Preliminary studies also in-
dicate that S100 protein is able to inhibit GRK2 in a
calcium-dependent manner [46], suggesting that sev-
eral classes of EF hand CSP can regulate GRK ac-
tivity. This mechanism is, however, highly selective
with respect to the di¡erent CSP and GRK subtypes
(see Table 1).

Recoverin, which inhibited GRK1 phosphorylat-
ing activity by direct binding to this kinase, in paral-
lel experiments did not interact with GRK2 and was
ine¡ective on ROS phosphorylation by this kinase
subtype. Several other recoverin analogues, including
NCS 1, VILIP 1 and hippocalcin, are also able to
inhibit GRK1 but they do not inhibit GRK5 kinase
activity. An analysis of VILIP in olfactory neurones
indicated that in these cells VILIP does not interfere
with GRK2. Taken together these data indicate that
recoverin and other NCS can selectively inhibit

Table 1
Selective inhibition of GRK subtypes by CSP

Re-
coverin

VILIP NCS-1 CaM CABPa References

GRK1 ++ ++ ++ 3 nd [35,47]
GRK2 3 3 3 + 3 [39,40,42]b

GRK3 nd ^ nd + nd [39,49]
GRK4 nd nd nd +++ nd [12]
GRK5 3 3 3 ++++ ++ [35,48,42]
GRK6 nd nd nd +++ nd [41]

CSP were ine¡ective (3) or able to inhibit the indicated GRK
subtypes with di¡erent degrees of potency (+). nd, not deter-
mined.
aCABP is the name of a recently identi¢ed family of CBP that
includes ¢ve members with di¡erent inhibitory activities on
GRK5.
bM. Sallese, L. Iacovelli and A. De Blasi, unpublished data.
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GRK1 and do not a¡ect the other GRK subtypes.
By contrast CaM strongly inhibits GRK4 subfamily
members while it has little (for GRK2 and 3) or no
(for GRK1) e¡ect on the other GRKs. In addition,
in a recent study the group of Palczewski identi¢ed
¢ve new calcium-binding proteins, named CABP,
that inhibit GRK5-mediated phosphorylation of rho-
dopsin with di¡erent a¤nities but did not a¡ect
GRK2 activity (Table 1) [31].

11. Functional implications

The physiological role of recoverin-GRK1 interac-
tion was intensively investigated. Calcium is a funda-
mental mediator of the phototransduction process, it
activates several Ca2�-binding proteins, which in
turn modulate the activity of important enzymes in
the phototransduction cascades [50,51]. Rhodopsin
activation by light decreases the retinal concentration
of Ca2�, thus activating several transduction path-
ways all leading to the to negative regulation of the
e¡ect of light. These feedback mechanisms are im-
portant to accelerate the recovery of the response
to light and diminish the e¡ect of illumination,
thus enabling the cell to adapt to background light.
The reduction of Ca2� levels following rhodopsin
activation by light will inactivate recoverin that re-
leases GRK1, thus allowing the inhibitory e¡ect of
rhodopsin phosphorylation to proceed. GRK1 acti-
vation reduces the lifetime of rhodopsin in the active
conformation, which is one mechanism of light adap-
tation. This functional model could be an oversim-
pli¢cation of the physiology of vision since there are
few reports that do not ¢t with the proposed model.
Knockout mice for the recoverin gene show no major
e¡ects in their response to photon absorption. How-
ever, the removal of the recoverin gene could result
in an unpredictable compensation by other compo-
nents of the phototransduction cascade. Since recov-
erin inhibits the phosphorylation of dark-adapted
rhodopsin better than that of bleached rhodopsin it
was proposed that recoverin-dependent regulation of
GRK1 plays a role in preventing the enzyme from
unwanted phosphorylation of dark-adapted rhodop-
sin (this phenomenon is known as `high-gain' phos-
phorylation) [52,53]. GRK2, GRK3 and GRK5 reg-
ulate the vast majority of GPCRs and some of those,

such as substance P, angiotensin II, and 5-HT2 re-
ceptors are coupled to £uctuations in intracellular
Ca2�. For this class of GPCRs CaM can provide a
feedback mechanism to modify homologous desensi-
tization. Moreover, di¡erent GRK could potentially
regulate the same receptor when it is occupied by the
agonist. CSP could work addressing which kinase
will desensitize the activated receptor, e.g. activation
of a GPCR coupled to Ca2� signalling can regulate
the phosphorylating activity of these GRK subtypes,
thus modulating the e¤ciency of a di¡erent receptor
regulating in a heterologous manner the homologous
desensitization (Fig. 3). To support this view only
few functional data are available: in transfected
CHO cells the M2-muscarinic receptor internaliza-
tion is reduced by pretreatment with Ca2� ionophore

Fig. 3. Selective regulation of GRK5 versus GRK2 by CaM.
Activation of the phospholipase C/IP3 pathway increases the in-
tracellular Ca2� level. Ca2� activated CaM could potentially in-
hibit GRK2- and GRK5-dependent receptor phosphorylation.
Likely in tissues where CaM levels are high GRK2 and GRK5
activity is a¡ected, while in tissues where CaM levels are low
only GRK5 activity can be regulated.
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A23187 [40]. M2-Muscarinic receptor sequestration is
considered speci¢c of and sensitive to the GRK2
activity [54], hence these results indicate that
GRK2 activity in intact cells is suppressed by in-
creased Ca2� concentrations.

12. Concluding remarks

A novel mechanism for crosstalk in signal trans-
duction is revealed by the identi¢cation of intracel-
lular pathways that can modify the GRK/arrestin
homologous desensitization machinery. The mecha-
nisms so far identi¢ed include PKC and Ca2�-bind-
ing proteins, involved in the regulation of GRKs and
cAMP-PKA involved in the regulation of arrestins
[55]. The existence of other pathways cannot be ex-
cluded. Since PKC, PKA and Ca2�-binding proteins
can be activated by a large variety of receptor ago-
nists, it can be envisaged that the functional state of
the GRK/arrestin machinery is under continuous
regulation in response to the £uctuating extracellular
environment, thus providing the cell with another
homeostatic mechanism. A challenging point is to
de¢ne how these di¡erent e¡ectors work in inte-
grated systems. The role of intracellular calcium in
the modulation of regulatory proteins is becoming
more and more relevant. For example, other CSPs
could be involved in the regulation of GPCR-medi-
ated signalling. Additionally a new class of phospha-
tases named G protein-coupled receptor phospha-
tases (GRP) has recently been identi¢ed. These
GRP dephosphorylate desensitized receptors, thus
favouring resensitization [56^58]. Interestingly these
GRPs possess two EF hands and their activity is
calcium dependent.

All these observations support the idea of a com-
plex integrated network, working towards e¤cient
signalling. The identi¢cation of the players and the
de¢nition of their relative function represent a major
goal in this ¢eld.

The existence and the functional importance of
these regulatory pathways may not be universal,
but it could depend on factors such as receptor se-
lectivity and cell type speci¢city. For example GRK/
arrestin regulation of di¡erent receptors, and the reg-
ulation of the same receptor in di¡erent cell types
may have di¡erent levels of signi¢cance [59].
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