J. Membrane Biol. 157, 1-8 (1997)

Topical Review

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1997

Targeting G Protein-coupled Receptor Kinases to Their Receptor Substrates

R.H. Stoffel II1, J.A. Pitcher, R.J. Lefkowitz

Howard Hughes Medical Institute, Department of Medicine, Box 3821, Duke University Medical Center, Durham, NC 27710, USA

Received: 3 February 1997

Introduction

G protein-coupled receptors (GPCRs) are integral mem-
brane proteins containing seven putative transmembrane
domains. In response to agonist occupancy, these pro-
teins mediate signals to the interior of the cell via acti-
vation of heterotrimeric G proteins. GPCRs respond to a
vast array of agonists including catecholamines, chemo-
kines, small peptides, photons of light and specialized
ligands such as taste and odorant molecules. Agonist
binding leads to a change in receptor conformation
which facilitates G protein activation; the exchange of
GDP for GTP on the G protein a subunit. Activation of
a heterotrimeric G proteins is accompanied by its disso-
ciation into an o« subunit and a By dimer both of which
subsequently interact with and activate various effector
proteins. Effector activation alters cellular second mes-
senger levels, which ultimately results in a physiological
response.

GPCR desensitization, the loss of receptor respon-
siveness following continued or repeated agonist occu-
pancy is mediated, at least in part, by receptor phosphor-
ylation. Two classes of kinases phosphorylate GPCRs,
the second messenger dependent kinases (cAMP-
dependent protein kinase and protein kinase C) and a
family of kinases termed G protein-coupled receptor ki-
nases (GRKs). The GRKs are distinguished by their sub-
strate specificity. In contrast to the second messenger
dependent kinases, the GRKs phosphorylate only ago-
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nist-occupied GPCRs. Thus, GRK-mediated phosphor-
ylation of GPCRs serves to specifically desensitize ac-
tive receptors which is termed homologous desensitiza-
tion.

Other reviews have focused on G protein-coupled
receptors (Schwinn, Caron & Lefkowitz, 1992) and on
the role played by the GRKs in homologous desensiti-
zation of receptor signaling. (Freedman & Lefkowitz
1996, Inglese et al., 1993; Premont, Inglese & Lefkowitz,
1995). In this review we concentrate on one aspect of
GRK function, the various mechanisms employed to re-
cruit GRKSs to the plasma membrane. The localization of
the GRKSs to the membrane is required for their efficient
function and as such is a highly regulated process.

The Family of G Protein-Coupled Receptor Kinases

To date six members of the GRK family have been iden-
tified, GRK1 (Rhodopsin kinase), GRK2 and GRK3
(also termed B-adrenergic receptor kinase 1 and 2),
GRK4 (or IT11), GRKS5 and GRK6. GRK1 and GRK2
were originally identified and subsequently purified
based on their ability to phosphorylate respectively, rho-
dopsin and the B,-adrenergic receptor. Oligonucleo-
tides, designed using peptide fragments from purified
protein, were used to screen a retinal (Lorenz et al.,
1991) and a bovine brain cDNA library (Benovic et al.,
1989) to obtain the full length cDNAs for, respectively,
GRK1 and GRK2. The ¢DNA for GRK3 was subse-
quently obtained by screening a bovine brain cDNA li-
brary with the catalytic domain of GRK2 (Benovic et al.,
1991). The GRK4 gene was identified by positional
cloning in the search for the Huntington’s disease locus
(Ambrose et al., 1992) and later shown to undergo alter-
native splicing to yield four distinct GRK4 mRNAs (Sal-



catalytic domain

amino-terminal
domain

50
I * [Targeting domain] r

GRK2,3 |

20 30

GRK4,5,6 [I[PIP2]]]

(LTI TN et W o1 1up

R. Stoffel et al.: GRK-mediated Receptor Phosphorylation

carboxyl-terminal domain

Fig. 1. Domain organization of the GRKSs depicting protein and lipid binding sites as well as lipid modifications. Conserved residues are indicated
by straight bars. GRK]1 is farnesylated. GRK2 and 3 bind B+ and PIP2 in their carboxyl-terminal domain. GRK4 and 6 are palmitoylated. GRKS
binds lipids in its carboxyl-terminal domain. GRK4, 5 and 6 bind PIP2 in their amino-terminal domain and GRK2 binds a microsomal membrane

protein in its amino terminus.

lese, Lombardi & DeBlasi, 1994; Premont et al., 1996).
GRKS and GRK6 were identified by polymerase chain
reaction (PCR) using oligonucleotides designed to en-
code highly conserved domains in the GRK sequence
(Kunapuli, Gurevich & Benovic, 1993; Haribabu & Sny-
derman, 1993; Benovic et al., 1993; Premont et al., 1994).

Structurally the GRKs are composed of three do-
mains; a central highly conserved catalytic domain
flanked by a conserved amino-terminal domain and a
variable carboxyl-terminal domain (Fig. 1). The amino-
terminal domain is approximately 187 amino acids in
length and has been implicated in receptor recognition
(Palczewski et al., 1993). In contrast, the carboxyl-
terminal domain varies in length and appears to be prin-
cipally involved in mediating the membrane association
of these enzymes. The autophosphorylation sites of
GRK1 (Palczewski et al., 1992), GRKS (Premont et al.,
1994) and the putative autophosphorylation sites of
GRK4 (Premont et al., 1996) are located in the carboxyl-
terminal domain.

Functionally, the GRKs exhibit several key regula-
tory features, elucidated principally from the study of
GRK1 and GRK2. First, these enzymes preferentially
phosphorylate agonist-occupied or activated receptor
substrates. Second, interaction of the GRKs with their
receptor substrates leads to a direct activation of GRK
catalytic activity (Palczewski et al., 1991; Chen et al.,
1993; Haga, Haga & Kameyama, 1994) and the regions
on the receptor responsible for GRK activation are dis-
tinct from the sites of GRK-mediated phosphorylation.
Finally, membrane association of the GRKs is required
for GRK-mediated GPCR phosphorylation.

Membrane Targeting of the GRKs

The GRKSs utilize distinct mechanisms for effecting
membrane association. GRK1, 2 and 3 are primarily cy-

tosolic proteins (Freedman & Lefkowitz, 1996) which
upon receptor stimulation, translocate from the cytosol to
the plasma membrane (Strasser et al., 1986; Inglese et
al., 1992a). In contrast, GRK4, 5 and 6, do not exhibit
agonist-dependent membrane association. GRKS5 ap-
pears to be constitutively associated with the membrane
(Premont et al., 1995; Premont et al., 1996) and this
observation could potentially explain, as compared to
GRK2, the higher basal (agonist-independent) activity of
this kinase (Premont et al., 1994). Despite the differ-
ences between the three GRK subfamilies, membrane
association of all the kinases appears to be mediated, at
least in part, by determinants in their carboxyl-terminal
domains. The various post-translational modifications,
protein-protein and protein-lipid interactions responsible
for localizing the GRKs to their membrane incorporated
receptor substrates are discussed in detail below.

Isoprenylation

The amino acid sequence of GRKI terminates in a
CAAX motif, which directs the isoprenylation and car-
boxylmethylation of this kinase (Inglese et al., 1992a)
(Fig. 1). Isoprenylation is a cotranslational modification
in which the amino acid sequence of the CAAX motif
specifies which isoprenoid homologue is attached to the
protein, either farnesyl (C15) or geranylgeranyl (C20).
For GRKI1 the sequence is CVLS, which directs farne-
sylation of the kinase. The farnesylated kinase is pre-
dominantly a cytosolic protein that translocates in a light
dependent manner to the rod outer segment membrane
(Inglese et al., 1992a). Removal of the farnesyl group by
mutation of the CVLS motif (cysteine (C) is mutated to
serine (S)) results in a kinase that is unable to translocate
in a light-dependent fashion and has a reduced ability to
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phosphorylate rhodopsin (Inglese et al., 1992b). In con-
trast, mutation of the serine of the CVLS motif to leucine
yields a kinase that is modified by geranylgeranylation
and is constitutively associated with the membrane (In-
glese et al., 1992b). The geranylgeranylated kinase al-
though impaired in its ability to translocate to rod outer
segment membranes in a light-dependent fashion, phos-
phorylates rhodopsin at a comparable rate to wild type
(farnesylated) GRK1. Isoprenylation is required for the
membrane association and activity of GRK1. Further-
more, the specific modification found in vivo, farnesyla-
tion, confers on GRK1 the ability to associate with mem-
branes in a stimulus (light) dependent fashion.

Similar studies with isoprenylated mutants of GRK2
have shown that both kinase activity and degree of mem-
brane association increase with isoprenylation status (In-
glese et al., 1992b). Nonisoprenylated kinase does not
bind to rod outer segment membranes. In contrast, a
mutant farnesylated form of GRK2 is partially associated
with the membrane and a mutant geranylgeranylated
form of GRK2 is constitutively associated with the mem-
brane (Inglese et al., 1992b). Notably, the GRK2 iso-
prenylation mutants, unlike GRK1, fail to display light-
dependent translocation indicating that determinants
other than isoprenylation participate in mediating the
agonist-dependent translocation of this enzyme. As
compared to the native enzyme, the isoprenylated mu-
tants of GRK2 display an enhanced ability to phosphory-
late GPCR substrates, demonstrating the importance of
membrane localization for GRK2 function.

GRK2 and GRK3 lack a CAAX motif but still rely,
interestingly, on isoprenylation for membrane associa-
tion. The carboxyl-termini of these enzymes bind GRvy
and it is through this protein-protein interaction that
GRK2 and GRK3 associate with the membrane (Pitcher
et al., 1992) (Fig. 1). The gamma subunit of GBvy is
isoprenylated with the isoprenoid geranylgeranyl, a
modification that anchors the GBvy complex to the
plasma membrane. The Gy binding region of GRK2
has been mapped to residues 546-670 and a glutathione-
s-transferase (GST) fusion protein containing this se-
quence as well as a 28 amino acid peptide composed of
residues 643-670 inhibit the interaction of GRy with
GRK2 in vitro (Koch et al., 1993).

Originally, GBy was shown to enhance the activity
of a partially purified preparation of a kinase with similar
properties to GRK2 against purified reconstituted mus-
carinic cholinergic receptors (Haga et al., 1992). In sub-
sequent experiments Gy was also shown to enhance
GRK2-mediated phosphorylation of the purified recon-
stituted (B2-adrenergic receptor (Pitcher et al., 1992).
Notably, GB+vy binding to GRK?2 does not enhance the
activity of this enzyme towards a soluble peptide sub-
strate (Pitcher et al., 1992; Kim, Dion & Benovic, 1993).
These results suggest that the principal mechanism by
which GBvy enhances GRK2-mediated GPCR phosphor-

ylation is by promoting the membrane association of
GRK2, thus placing the kinase and its receptor substrate
in close proximity (Pitcher et al., 1992). In addition,
GpBy-mediated translocation of GRK3 has also been
demonstrated in permeabilized preparations of rat olfac-
tory cilia, a system expressing endogenous levels of ki-
nase (Boekhoff et al., 1994). Agonist-stimulated trans-
location of GRK3 was blocked by Gy sequestrants, a
GST fusion protein encompassing the C-terminus of
GRK3 (residues 467-688) and a peptide derived from
this region (residues 664—670). For GRK2 and 3, GBvy
plays an integral role in mediating the translocation and
membrane association of these kinases.

GBvy may however play an additional role, that of
facilitating the interaction of GRK2 and 3 with their
receptor substrates. Activated GPCRs, synthetic recep-
tor peptides and mastoparan enhance GRK2-mediated
phosphorylation of soluble peptide substrates. That is,
the interaction of GRK2 with an activated receptor sub-
strate or an activated receptor substrate analogue results
in allosteric activation of the kinase (Haga et al., 1994;
Kim et al., 1993). GR+y synergistically enhances GPCR-
mediated activation of GRK2. Although GB+vy binding
per se does not lead to direct activation of GRK2, GBvy
appears to facilitate the interaction between the GPCR
and the GRK promoting the GPCR-mediated allosteric
activation of this enzyme.

GRK2 is predominantly a soluble protein that has
been shown to translocate in an agonist-dependent man-
ner (Strasser et al., 1986; Daaka et al., 1997). The GB~-
mediated membrane association of GRK2 observed in
vitro provides a model to explain this agonist-dependent
translocation. In this model agonist-occupancy of a
GPCR leads to the activation of heterotrimeric G pro-
teins and the release of free Gy dimer. The GB<y sub-
sequently interacts with GRK2 and/or GRK3 and serves
to target these enzymes to their membrane incorporated
receptor substrates. This model has been demonstrated
in intact cells using Cos7 cells transiently overexpressing
GRK2 (Daaka et al., 1997). Activation of B-adrenergic
receptors promotes membrane association of GRK?2, a
process which is inhibited by overexpressing a carboxyl
terminal GRK2 peptide encompassing the Gy binding
domain. Furthermore, agonist-stimulated formation of a
GRK2/GBy complex can be directly demonstrated by
co-immunoprecipitation (Daaka et al., 1997). Although
agonist occupancy of P2-adrenergic and lysophospha-
tidic acid receptors promotes GRK/GBy complex forma-
tion for both GRK2 and GRK3, thrombin receptor stimu-
lation specifically induces GRK3/GBy complex forma-
tion (Daaka et al., 1997). These results suggest
differences in GP+y binding specificity between GRK2
and GRK3.

Isoprenylation plays a central role in mediating the
membrane association of GRK1, 2 and 3 either through
direct covalent modification of the kinase (GRK1) or
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Fig. 2. Carboxyl-terminus of GRK2 mapping the
Pleckstrin homology domain (PH) and the By

through a protein-protein interaction between the kinase
and isoprenylated GRvy (GRK2 and GRK3). Notably,
the isoprenyl moiety plays a critical role in conferring
agonist-dependence on the membrane association of all
three GRKSs.

Protein Acylation

GRK4 and GRKG6 are not isoprenylated and do not bind
GBvy (Premont et al., 1996). These kinases are however
palmitoylated (Stoffel et al., 1994; Premont et al., 1996)
(Fig. 1). Palmitoylation is the acylation of a protein with
palmitic acid through a thioester or an oxyester bond.
Palmitic acid is a 16-carbon saturated fatty acid that af-
fords modified proteins a higher avidity for membranes.
The most prevalent form of palmitoylation is the modi-
fication of a cysteine residue through a thioester bond.
GRKG6 contains a cluster of cysteines in its carboxyl ter-
minus at positions 561, 562 and 565 and mutation of
these cysteines to serines abolishes the palmitoylation of
the kinase (Stoffel et al., 1994). By analogy with GRKS,
the probable sites of palmitoylation on GRK4 are the
cysteines at residue 561 and 578 (the carboxyl-terminal
cysteine residue) (Premont et al., 1996). Palmitoylated
GRK4 and 6 are found exclusively associated with mem-
branes in cellular systems (Stoffel, unpublished; Stoffel
et al., 1994). These results are similar to those previ-
ously reported for other palmitoylated proteins (Linder et
al., 1993; Robinson et al., 1995). The importance of
membrane localization for GRK6 function is demon-
strated by the observation that palmitoylated GRK®6 is
approximately 10-fold more active at phosphorylating
the B2-adrenergic receptor in vitro than its nonpalmi-
toylated counterpart (R.H. Stoffel et al., in preparation).

The thioester bond of palmitoylated proteins is ex-
tremely labile and this characteristic allows for the re-
moval of palmitic acid from the modified protein.
Indeed, several proteins have been shown to undergo
cycles of palmitoylation and depalmitoylation following
agonist treatment of GPCRs. These include the [2-

binding domain.

adrenergic receptor (Mouliac et al., 1992), the a2-
adrenergic receptor (Kennedy & Limbird, 1994), nitric
oxide synthetase (Robinson, Busconi & Michel, 1995)
and the a subunits of heterotrimeric G proteins (Wede-
gaertner & Bourne, 1994; Degtyarev, Spiegel & Jones,
1993). In the case of Ga, the agonist-dependent loss of
palmitic acid parallels the translocation of this protein
from the membrane to the cytosol (Levis & Bourne,
1992). The palmitoylation of GRK4 and GRK6 may po-
tentially provide a mechanism for the dynamic regulation
of the membrane association of these enzymes.

Regulation of GRK Activity Via the Noncovalent
Interaction with Lipid Ligands

The GRKs are lipid-dependent enzymes. Thus agonist-
occupied GPCRs serve as GRK substrates only when
presented in physiological membranes or alternatively
when incorporated into lipid or detergent/lipid micelles
(Pitcher et al., 1995; Onorato et al., 1995). A number of
lipid ligands for the GRKs have been identified which
functionally fall into two categories. The binding of any
lipid ligand potently enhances GRK-mediated GPCR
phosphorylation by targeting the GRK to the membrane
and placing the enzyme and its receptor substrate in close
proximity. Additionally, however a subset of lipid li-
gands directly enhance GRK catalytic activity.

GRK2 and 3 contain within their carboxyl termini an
approximately 100 amino acid region of sequence ho-
mology termed the Pleckstrin homology (PH) domain
(residues 553-651 in GRK2) (Touhara et al., 1994; Tou-
hara et al., 1995) (Fig. 2). PH domains are found in
numerous proteins where they form a distinct structural
module (reviewed in Cohen, Ren & Baltimore, 1995).
Notably, the GB+vy binding site on GRK2 includes and
extends slightly beyond the carboxyl-terminus of its con-
stituent PH domain (residues 546—670). As previously
described GRK2/GBvy complex formation promotes
GRK2-mediated GPCR phosphorylation. The Gp~y-
mediated translocation of GRK2 is observed in cellular
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systems or in vitro using receptor substrates reconstituted
in heterogeneous (‘crude’) lipid environments. How-
ever, purified GPCRs reconstituted into pure phosphati-
dylcholine (PC) vesicles fail to serve as GRK2 substrates
even in the presence of GRvy (Pitcher et al., 1995; Deb-
Burman et al., 1996). Furthermore, G fails to promote
the association of GRK2 with pure PC vesicles (Pitcher
et al., 1995). These results suggest that GRK2/GBvy
complex formation requires the presence of a lipid co-
factor. Indeed, low concentrations (<10 wM) of the lipid
phosphatidylinositol-4,5-bisphosphate (PIP2) have been
shown to specifically promote GRK2/GR~y complex for-
mation and thereby GRK2-mediated GPCR phosphory-
lation (Pitcher et al., 1995; DebBurman et al., 1996).
PIP2 binds to the amino terminus of the GRK2 PH do-
main in vitro (Harlan et al., 1994). Thus the coordinated
binding of two ligands (PIP2 and GB+y) to respectively,
the amino and carboxyl-termini of the PH domain of
GRK2, is required for the effective membrane localiza-
tion and function of this enzyme. The concentrations of
PIP2 that promote GRK2/GBvy-mediated GPCR phos-
phorylation approximate to those believed to be physi-
ologically relevant and have no direct effect on GRK2
catalytic activity. Notably, high concentrations of PIP2
(>200 M) directly inhibit the catalytic activity of GRK2.
This inhibitory effect of PIP2 is however, unlikely to be
of significance in vivo since the concentrations of PIP2
required are approximately 20-fold higher than those be-
lieved to be physiologically relevant. Additionally, the
inhibition of GRK2 activity observed at these high con-
centrations is mediated, at least partially, via binding to
the ATP binding site of GRK2 and not the PH domain
(DebBurman et al., 1996).

Lipids other than PIP2 also play a role in regulating
GRK?2 activity. Thus negatively charged phospholipids
such as phosphatidylserine (PS) enhance GRK2-
mediated GPCR phosphorylation (DebBurman et al.,
1995; Onorato et al., 1995). Several characteristics dis-
tinguish the enhanced GRK2 activity observed in the
presence of these negatively charged phospholipids from
that observed in the presence of PIP2. Firstly, PS-
enhanced GRK?2 activity requires the presence of ap-
proximately 10-20-fold higher lipid concentrations.
Since the physiological mol fraction percent for PS is
estimated at approximately 10% as compared to 1-3%
for PIP2 however, both lipid regulators would be pre-
dicted to of physiological relevance. A second feature
distinguishing regulation by these two lipids concerns
their mechanism of action. Thus in contrast to PIP2, PS
directly increases the catalytic activity of GRK2 (On-
orato et al., 1995; DebBurman et al., 1996). PS has been
shown to bind to the carboxyl-terminus of GRK2 how-
ever unlike PIP2, the PH domain of this enzyme has not
been directly implicated as the site of interaction (Deb-
Burman et al., 1996). In light of the differences between

the binding characteristics of PS and PIP2 it is interesting
to speculate that they bind to distinct carboxyl terminal
sites. It should be noted, however, that as for PIP2 (al-
though at approximately 10-20-fold higher lipid concen-
trations) a synergistic enhancement of GRK2-mediated
GPCR phosphorylation has been reported in the presence
of PS and GBvy (DebBurman et al., 1996).

GRKS5 does not contain a sequence for isoprenyla-
tion (Benovic et al., 1994) and does not bind GBvy (Pre-
mont et al., 1994). GRKS5 is however a membrane-
associated enzyme. When transiently overexpressed in
Cos7 cells GRKS is found exclusively associated with
the plasma membrane (Premont et al., 1994). Addition-
ally, purified GRKS binds to ROS membranes, an asso-
ciation that is not effected by light activation of rhodop-
sin (Premont et al., 1994). Thus GRKS5 constitutively
associates with the membrane in an agonist-independent
fashion. In vitro, GRKS associates with liposomes com-
posed of crude lipid mixtures (Kunapuli et al., 1994), but
not purified phosphatidylcholine (PC) (Pitcher et al.,
1996). Thus, the association of GRKS with the mem-
brane is not dependent upon receptor activation or the
presence of receptor but rather upon specific lipid bind-
ing determinants present on the kinase.

Two distinct lipid binding domains have been iden-
tified on GRKS, one in the amino and one in the carboxyl
terminus of the enzyme. The amino-terminal lipid bind-
ing domain exhibits a high degree of specificity for PIP2.
GPCRs reconstituted in pure PC vesicles fail to serve as
substrates for GRKS5 (Pitcher et al., 1996). However, the
incorporation of physiological concentrations of PIP2
into the PC vesicles, restores the ability of these kinases
to associate with membranes and phosphorylate GPCRs.
As is the case for PIP2-mediated activation of GRK2,
PIP2 has no direct effect on the catalytic activity of
GRKS5 (Pitcher et al., 1996). Binding of PIP2 to GRKS
thus enhances GPCR phosphorylation by promoting the
membrane localization of this kinase. Mapping the PIP2
binding site localizes it to the amino terminus of GRKS
(Fig. 1), and specifically to a region that has homology
with the PIP2 binding site of gelsolin. Notably, GRKS,
4, and 6 are highly homologous across this region of
sequence and indeed all these enzymes display PIP2-
mediated membrane association and enhanced GPCR
phosphorylation (Pitcher et al., 1996). PIP2 thus plays a
role in mediating the membrane association of GRK2, 3,
4, 5 and 6. However, the structure, location and regula-
tion of the PIP2 binding site distinguishes GRK2 and 3
from GRK4, 5, and 6.

GRKS exhibits phospholipid stimulated autophos-
phorylation to a stoichiometry of approximately 2 mole
Pi/mole enzyme (Kunapuli et al., 1994). A GST fusion
protein encompassing the carboxyl terminus of GRKS
(residues 489-590) blocks this lipid effect, indicating the
presence of a lipid binding site in this region of the



kinase (Kunapuli et al., 1994). Although lipid binding
promotes autophosphorylation of GRKS, autophosphory-
lation of GRKS5 does not effect lipid binding. Thus an
autophosphorylation mutant inhibits the phospholipid-
stimulated autophosphorylation of the native enzyme
(Kunapuli et al., 1994). The binding characteristics of
the carboxyl terminal lipid binding site have been largely
characterized using PS as the lipid ligand (Pitcher et al.,
1997). In the absence of additional lipid ligands, i.e.,
using as substrates GPCRs reconstituted in vesicles com-
posed of only PC and PS, PS promotes membrane asso-
ciation of GRKS and GRKS5-mediated GPCR phosphor-
ylation. PS binding requires the presence of a number of
basic residues in the carboxyl terminus of GRKS (resi-
dues 547, 548, 553, 556 and 557), localizing the site of
PS interaction and distinguishing it from that of PIP2
(J.A. Pitcher et al., in preparation). Notably, PS-
mediated activation of GRKS requires approximately 10-
fold higher lipid concentrations than that required for
PIP2-mediated activation of the enzyme. Furthermore,
unlike PIP2, PS binding directly increases the catalytic
activity of GRKS. Interestingly, the PS-dependent in-
crease in the catalytic activity of the enzyme is depen-
dent on the presence of intact autophosphorylation sites
(J.A. Pitcher et al., in preparation). Thus an autophos-
phorylation mutant of GRKS although capable of bind-
ing PS is not directly activated by this lipid. The obser-
vation that the catalytic activity of the autophosphoryla-
tion deficient mutant of GRKS is not enhanced by PS
may provide an explanation for the observations of Ku-
napuli et al., demonstrating an impaired ability of the
autophosphorylation mutant of GRKS5 to phosphorylate
receptor substrates (Kunapuli et al., 1994). In the ab-
sence of lipid activators native GRKS5 and the autophos-
phorylation deficient mutant exhibit equivalent abilities
to phosphorylate a soluble peptide substrate (Kunapuli et
al., 1994). The inability of PS to directly activate the
autophosphorylation deficient mutant of GRKS5 would
specifically impair the ability of this kinase to phos-
phorylate lipid incorporated i.e., receptor substrates. In-
terestingly, synergistic enhancement of GRKS activity is
observed in the presence of PIP2 and PS (J.A. Pitcher et
al., in preparation). Thus binding of PS to a carboxyl-
terminal region of GRKS facilitates binding of PIP2 to the
amino terminus (J.A. Pitcher et al., in preparation). GRKS’s
mechanism for membrane association is clearly distinct
from that of GRK1, 2 and 3. GRKS’s constitutive associa-
tion with the membrane creates a population of kinase in
close proximity to its receptor substrates, a proximity that
potentially allows for a more rapid kinase response follow-
ing agonist-occupancy of G protein-coupled receptors.

N-terminal Interacting Proteins

Recently, a new feature of the GRKs has come to light.
Significant amounts of GRK2 have been shown to be

R. Stoffel et al.: GRK-mediated Receptor Phosphorylation

associated with several membrane fractions after differ-
ential centrifugation (Garcia-Higuera et al., 1994). The
binding of GRK2 to these fractions is reversible. Mem-
branes treated with proteinase K or boiling were unable
to bind GRK?2 indicating that the association was through
a protein-protein interaction (Garcia-Higuera et al.,
1994). GRK2 was found to bind to this protein with
nanomolar affinity. The highest specific activity for this
interacting protein was in the microsomal membrane
fraction. The binding of GRK2 to microsomal mem-
branes was blocked with the addition of a GST fusion
protein containing residues 50-145 of the amino termi-
nus of the kinase and not a fusion protein containing the
carboxyl-terminus of the kinase (Murga et al., 1996).
This excludes the possibility that the microsomal mem-
brane binding protein is GBvy. Addition of microsomal
membranes, containing this protein, inhibited the activity
of GRK?2 when rhodopsin was used as a substrate and the
inhibition was relieved by addition of aluminum fluoride
or GTPyS plus mastoparan. This finding allows for the
potential regulation of GRK2 activity through a GTP
dependent mechanism; either through the release of G
protein By subunits after activation of Ga or potentially
through GTP binding to the inhibitory anchoring protein.
These findings raise the possibility that additional as yet
unidentified proteins direct the GRKSs to distinct subcel-
lular compartments and potentially to different receptor
substrates.

Conclusion

Membrane association is essential for GRK function and
because of this the GRKs have evolved complex regula-
tory mechanisms for associating with the membrane.
Although the GRKSs are highly homologous, each kinase
utilizes a distinct mechanism for associating with the
membrane, which makes it unique within the family.
Initially, the carboxyl terminus of the GRKs was identi-
fied as the ‘‘membrane association domain’” but recent
evidence suggests that the amino terminus may also play
a critical role in localizing the kinases to the membrane
(Murga et al., 1996; Pitcher et al., 1996). It is within
these two domains that the GRKs are most variable at the
amino acid level. The GRKS exhibit an absolute require-
ment for phospholipids not only for association with the
membrane but also for activity. There are differences in
preference and binding sites for the phospholipids within
the GRK family, which may reflect differential targeting
of the GRKs to G protein-coupled receptors situated in
different lipid environments. There are hundreds of G
protein-coupled receptors and only six known GRKs.
All the GRKSs appear to phosphorylate the same receptor
substrates in vitro (Sterne-Marr & Benovic, 1995; Pre-
mont et al., 1995). Receptor specificity, in a cellular
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environment could be mediated via targeting proteins,
specific lipid concentrations or direct lipid modifications
that target the GRKs to different subcellular compart-
ments and different G protein-coupled receptors.

References

Ambrose, C., James, M., Bames, G., Lin, C., Bates, G., Altherr, M.,
Duyao, M., Groot, N., Church, D., Wasmuth, J.J., Lehrach, H.,
Housman, D., Buckler, A., Gusells, J.F., MacDonald, M.E. 1992. A
novel G protein-coupled receptor kinase gene cloned from 4p16.3.
Hum. Mol. Genet. 1:697-703

Benovic, J.L., De Blasi, A., Stone, W.C., Caron, M.G., Lefkowitz, R.J.
1989. B-Adrenergic receptor kinase: Primary structure delineates a
multigene family. Science 246:235-240

Benovic, J.L., Onorato, J.J., Arriza, J.L., Stone, W.C., Lohse, M., Jen-
kins, N.A., Gilbert, D.J., Copeland, N.G., Caron, M.G., Lefkowitz,
R.J. 1991. Cloning, expression, and chromosomal localization of
the B-adrenergic receptor kinase 2: A new member of the receptor
kinase family. J. Biol. Chem. 266:14939-14946

Benovic, J.L., Gomez, J. 1993. Molecular cloning and expression of
GRK6: A new member of the G protein-coupled receptor kinase
family. J. Biol. Chem. 268:19521-19527

Boekhoff, 1., Inglese, J., Schleicher, S., Koch, W.J., Lefkowitz, R.J.,
Breer, H. 1994. Olfactory desensitization requires membrane tar-
geting of receptor kinase mediated by B-y-subunits of heterotrimeric
G proteins. J. Biol. Chem. 269:37-40

Chen, C.-Y., Dion, $.D., Kim, C.M., Benovic, J.L. 1993. B-Adrenergic
receptor kinase: Agonist-dependent receptor binding promotes ki-
nase activation. J. Biol. Chem. 268:7825-7831

Cohen, G.B., Ren, R., Baltimore, D. 1995. Modular binding domains in
signal transduction proteins. Cell 80:237-248

Daaka, Y., Pitcher, J.A., Richardson, M., Stoffel, R.H., Robishaw, J.D.,
Lefkowitz, R.J. 1997. Receptor and Gy isoform specific interac-
tions with G protein-coupled receptor kinases. Proc. Natl. Acad.
Sci. USA (in press)

DebBurman, S.K., Ptasienski, J., Boetticher, E., Lomasney, J.W., Be-
novic, J.L., Hosey, M.M. 1995. Lipid-mediated regulation of G
protein-coupled receptor kinases 2 and 3. J. Biol. Chem. 270:5742—
5747

DebBurman, S.K., Ptasienski, J., Benovic, J.L., Hosey, M.M. 1996. G
protein-coupled receptor kinase GRK2 is a phospholipid-dependent
enzyme that can be conditionally activated by G protein B~y sub-
units. J. Biol. Chem. 271:22552-22562

Degtyarev, M.Y., Spiegel, A.M., Jones, T.L. 1993. Increased palmi-
toylation of the Gs protein alpha subunit after activation by the
beta-adrenergic receptor or cholera toxin. J. Biol. Chem.
268:23769-23772

Freedman, N.J., Lefkowitz, R.J. 1996. Recent Prog. Horm. Res.
51:319-353

Garcia-Higuera, L., Penela, P., Murga, C., Egea, G., Bonay, P., Be-
novic, J.L., Mayor, F. 1994. Association of the regulatory 3-adren-
ergic receptor kinase with rat liver microsomal membranes. J. Biol.
Chem. 269:1348-1355

Haga, K., Haga, T. 1992. Activation by G protein beta gamma subunits
of agonist- or light-dependent phosphorylation of muscarinic ace-
tylcholine receptors and rhodopsin. J. Biol. Chem. 267:2222-2227

Haga, T., Haga, K., Kameyama, K. 1994. G protein-coupled receptor
kinases. J. Neurochem. 63:400-412

Haribabu, B., Snyderman, R. 1993. Identification of additional mem-
bers of the human G protein-coupled receptor kinase family. Proc.
Natl. Acad. Sci. USA 90:9398-9402

Harlan, J.E., Hajduk, P.J., Yoon, H.S., Fesik, S.W. 1994. Pleckstrin
homology domains bind to phosphatidylinositol-4,5-bisphosphate.
Nature 371:168-170

Inglese, J., Glickman, J.F., Lorenz, W., Caron, M.G., Lefkowitz, R.J.
1992a. Isoprenylation of a protein kinase: Requirement of farne-
sylation/a-carboxyl methylation for full enzymatic activity of rho-
dopsin kinase. J. Biol. Chem. 267:1422-1425

Inglese, J., Koch, W.J., Caron, M.G., Lefkowitz, R.J. 1992b. Iso-
prenylation in regulation of signal transduction by G protein-
coupled receptor kinases. Nature 359:147-150

Inglese, J., Freedman, N.J., Koch, W.J., Lefkowitz, R.J. 1993. Structure
and mechanism of the G protein-coupled receptor kinases. J. Biol.
Chem. 268:23735-23738

Kennedy, M.E., Limbird, L.E. 1994. Palmitoylation of the alpha 2A-
adrenergic receptor. Analysis of the sequence requirements for and
the dynamic properties of alpha 2A-adrenergic receptor palmitoyla-
tion. J. Biol. Chem. 269:31915-31922

Kim, C.M., Dion, S.B., Benovic, J.L. 1993. Mechanism of 3-adrener-
gic receptor kinase activation by G proteins. J. Biol. Chem.
268:15412-15418

Koch, W.I., Inglese, J., Stone, W.C., Lefkowitz, R.J. 1993. The binding
site for the By subunits of heterotrimeric G proteins on the B-ad-
renergic receptor kinase. J. Biol. Chem. 268:8256-8260

Kunapuli, P., Benovic, J.L. 1993. Cloning and expression of GRKS: A
member of the G protein-coupled receptor kinase family. Proc.
Natl. Acad. Sci. USA 90:5588-5592

Kunapuli, P., Gurevich, V.V, Benovic, J.L. 1993. Phospholipid-
stimulated autophosphorylation activates the G protein-coupled re-
ceptor kinase GRKS. J. Biol. Chem. 269:10209-10212

Levis, M.J., Bourne, H.R. 1992. Activation of Gs in intact cells alters
its abundance, rate of degradation and membrane avidity. J. Cell
Biol. 119:1297-1307

Linder, M.E., Middleton, P., Hepler, J.R., Tausig, R., Gilman, A.G.,
Mumby, S.M. 1993. Lipid modifications of G proteins: a subunits
are palmitoylated. Proc. Natl. Acad. Sci. USA 90:3675-3679

Lorenz, W., Inglese, J., Palczewski, K., Onorato, J.J., Caron, M.G.,
Lefkowitz, R.J. 1991. The receptor kinase family: Primary structure
of rhodopsin kinase reveals similarities to the 3-adrenergic receptor
kinase. Proc. Natl. Acad. Sci. USA 88:8715-8719

Mouillac, B., Caron, M., Bonin, H., Dennis, M., Bouvier, M. 1992.
Agonist-modulated palmitoylation of beta 2-adrenergic receptor in
Sf9 cells. J. Biol. Chem. 267:21733-21737

Murga, C., Ruiz-Gomez, A., Garcia-Higuera, 1., Kim, C.M., Benovic,
J.L., Mayor, F. 1996. High avinity binding of B-adrenergic receptor
kinase to microsomal membranes. J. Biol. Chem. 270:985-994

Onorato, J.J., Gillis, M.E,, Liu, Y., Benovic, J.L., Ruoho, A.E. 1995.
The B-adrenergic receptor kinase (GRK?2) is regulated by phospho-
lipids. J. Biol. Chem. 270:21346-21353

Palczewski, K., Buczylko, J., Kaplan, M.W., Polans, A.S., Crabb, J.W.
1991. Mechanism of rhodopsin kinase activation. J. Biol. Chem.
266:12949-12955

Palczewski, K., Buczylko, J., Van Hooser, P., Carr, S.A., Huddleston,
M.J., Crabb, J.W. 1992. Identification of the autophosphorylation
sites in rthodopsin kinase. J. Biol. Chem. 267:18991-18998

Palczewski, K., Buczylko, J., Lebioda, L., Crabb, J.W., Polans, A.S.
1993. Identification of the N-terminal region in rhodopsin kinase
involved in its interaction with rhodopsin. J. Biol. Chem.
268:6004—6013

Pitcher, J.A., Inglese, J., Higgins, J.B., Arriza, J.L., Casey, P.J., Kim,
C., Benovic, J.L., Kwatra, M.M., Caron, M.G., Lefkowitz, R.J.
1992. Roe of By subunits in targeting the B-adrenergic receptor
kinase to membrane bound receptors. Science 257:1264-1267

Pitcher, J.A., Touhara, K., Payne, S.E., Lefkowitz, R.J. 1995. Pleckstrin
homology domain-mediated membrane association and activation



of the B-adrenergic receptor kinase requires coordinate interaction
with GB+ subunits and lipid. J. Biol. Chem. 270:11707-11710

Pitcher, J.A., Fredericks, Z.L., Stone, W.C., Premont, R.T., Stoffel,
R.H., Koch, W.J., Lefkowitz, R.J. 1996. Phosphatidylinositol 4,5-
bisphosphate (PIP2)-enhanced G protein-coupled receptor kinase
(GRK) activity: Location, structure and regulation of the PIP2 bind-
ing site distinguishes the GRK subfamilies. J. Biol. Chem.
271:24907-24913

Premont, R.T., Inglese, J., Lefkowitz, R.J. 1995. Protein kinases that
phosphorylate activated G protein-coupled receptors. FASEB J.
9:175-182

Premont, R.T., Koch, W.I, Inglese, J., Lefkowitz, R.J. 1994. Identifi-
cation, purification, and characterization of GRKS, a member of the
family of G protein-coupled receptor kinases. J. Biol. Chem.
269:6832-6841

Premont, R.T., Macrae, A.D., Stoffel, R.H., Chung, N., Pitcher, J.A,,
Ambrose, C., Inglese, J., MacDonald, M.E., Lefkowitz, R.J. 1996.
Characterization of the G protein-coupled receptor kinase GRK4. J.
Biol. Chem. 271:6403-6410

Robinson, L.J., Busconi, L., Michel, T. 1995. Agonist-modulated pal-
mitoylation of endothelial nitric oxide synthase. J. Biol. Chem.
270:995-998

Sallese, M., Lombardi, M.S., DeBlasi, A. 1994. Two isoforms of G
protein-coupled receptor kinase 4 identified by molecular cloning.
Biochem. Biophys. Res. Commun. 199:848-854

Schwinn, D.A., Caron, M.G., Lefkowiiz, R.J. 1992. The beta-

R. Stoffel et al.: GRK-mediated Receptor Phosphorylation

adrenergic receptor as a model for molecular structure-function
relationships in G protein-coupled receptors. The Heart and Car-
diovascular System, 2nd edition Raven Press, New York

Sterne-Marr, R., Benovic, J.L. 1995. Regulation of G protein-coupled
receptors by receptor kinases and arrestins. Vitamins and Hormones
51:193-234

Stoffel, R.H., Randall, R.R., Premont, R.T., Lefkowitz, R.J., Inglese, J.
1994, Palmitoylation of G protein-coupled receptor kinase, GRK6:
Lipid modification diversity in the GRK family. J. Biol. Chem.
269:27791~-27794

Strasser, R.H., Benovic, I.L., Caron, M.G., Lefkowitz, R.J. 1986.
[3-agonist- and prostaglandin El-induced translocation of the 3-ad-
renergic receptor kinase: Evidence that the kinase may act on mul-
tiple adenylate cyclase-coupled receptors. Proc. Natl. Acad. Sci.
USA 83:6362-6366

Touhara, K., Inglese, J., Pitcher, J.A., Shaw, G., Lefkowitz, R.J. 1994.
Binding of G protein By-subunits to pleckstrin homology domains.
J. Biol. Chem. 269:10217-10220

Touhara, K., Koch, W.J., Hawes, B.E., Lefkowitz, R.J. 1995. Muta-
tional analysis of the pleckstrin homology domain of the beta-
adrenergic receptor kinase. Differential effects on G beta gamma
and phosphatidylinositol 4,5-bisphosphate binding. J. Biol. Chem.
270:17000-17005

Wedegaertner, P.B., Bourne, H.R. 1994. Activation and depalmitoyla-
tion of Gs alpha. Cell 77:1063-1070



