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ABSTRACT: G protein-coupled receptor (GPCR) kinases (GRKs) were discovered by virtue of their ability to
phosphorylate activated GPCRs. They constitute a branch of the AGC kinase superfamily, but their
mechanism of activation is largely unknown. To initiate a study of GRK2 activation, we sought to identify
sites on GRK?2 remote from the active site that are involved in interactions with their substrate receptors.
Using the atomic structure of GRK?2 in complex with Gfy as a guide, we predicted that residues on the surface
of the kinase domain that face the cell membrane would interact with the intracellular loops and carboxyl-
terminal tail of the GPCR. Our study focused on two regions: the kinase large lobe and an extension of the
kinase domain known as the C-tail. Residues in the GRK2 large lobe whose side chains are solvent exposed
and facing the membrane were targeted for mutagenesis. Residues in the C-tail of GRK2, although not
ordered in the crystal structure, were also targeted because this region has been implicated in receptor binding
and in the regulation of AGC kinase activity. Four substitutions out of 20, all within or adjacent to the C-tail,
resulted in significant deficiencies in the ability of the enzyme to phosphorylate two different GPCRS:
rhodopsin, and the f,-adrenergic receptor. The mutant exhibiting the most dramatic impairment, V477D,
also showed significant defects in phosphorylation of nonreceptor substrates. Interestingly, Michaelis—
Menten kinetics suggested that V477D had a 12-fold lower k., but no changes in Ky, suggesting a defect in
acquisition or stabilization of the closed state of the kinase domain. V477D was also resistant to activation by
agonist-treated S,AR. Therefore, Vald477 and other residues in the C-tail are expected to play a role in the

activation of GRK2 by GPCRs.

G protein-coupled receptors (GPCRs),' distinguished by their
seven transmembrane helices and their ability to couple to
heterotrimeric G proteins (Gogy), are activated by hormones,
neurotransmitters, and sensory signals, and regulate many di-
verse processes. Receptor stimulation catalyzes the binding of
GTP to the Gou subunit, allowing Go. and Gfy to directly
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modulate effectors such as adenylyl cyclase, phospholipase Cp,
c¢GMP phosphodiesterase, ion channels, and Rho family guanine
nucleotide exchange factors (/). Appropriate levels of GPCR
desensitization are critical for cellular function. One mechanism
of receptor desensitization is initiated by the activation-depen-
dent phosphorylation of their third intracellular loops or
C-terminal tails catalyzed by a small family of G protein-coupled
receptor kinases (GRKs) (2). Phosphorylated GPCRs are recog-
nized by arrestins, which uncouple them from heterotrimeric G
proteins and target the receptors for internalization (3).

The seven mammalian GRKs are grouped into three subfa-
milies: the GRK1/7 subfamily, the GRK2/3 subfamily, and the
GRK4/5/6 subfamily. Their central ~350-amino acid catalytic
domain belongs to the protein kinase A /protein kinase G/protein
kinase C (AGC) family of protein kinases (4). Like other AGC
kinases, the GRK kinase domain contains an N-terminal (small)
lobe and a C-terminal (large) lobe, followed by an extension to
the conserved core called the C-terminal tail (C-tail). The C-tail
begins in the large lobe of the kinase domain (the C-terminal lobe
tether or CLT), passes over the active site where it contributes to
the nucleotide and phosphoacceptor binding sites (the active site
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tether or AST), and ends by donating additional structural
elements to the small lobe (the N-terminal lobe tether or NLT).
The AST regions of AGC kinases often contain motifs that
confer additional levels of regulation on kinase activity (3).

Three-dimensional structures of GRKSs representing each
GRK subfamily (GRK1, GRK2, and GRK6) have been deter-
mined by X-ray crystallography, and reveal that they all share a
core structure consisting of a regulator of the G protein signaling
(RGS) homology (RH) domain intimately associated with the
kinase domain, which is inserted between the ninth and tenth
helices of the RH domain (Figure 1) (6—38). In all of the reported
structures, the kinase domains exist in a relatively open, pre-
sumably inactive conformation, with AST regions that are either
entirely or partially disordered.

Activation of AGC kinases typically involves changes in the
orientation of the C-helix, kinase domain closure such that the
small lobe rotates relative to the large lobe, ordering of the AST
region, and phosphorylation and reorientation of the activation
loop (5, 9, 10). Several lines of evidence suggest that GRKs
employ only a subset of these events to achieve their activated
state. First, in the crystal structures of GRK1, GRK2, and
GRKG6, the C-helix is already in its “active” conformation, and
active site residues engage the substrate Mg” " - ATP as expected
in high-resolution structures of GRK1 (8). Second, GRKs lack
two or all of the three phosphorylation motifs found in other
AGC kinases, including the activation loop site, whose phos-
phorylation in PKA and PKB orders the loop and stabilizes
residues that contribute to catalysis. In the GRK structures
reported thus far, the activation loops are well-ordered, even in
the absence of phosphorylation. Thus, it appears that GRKs
simply need to reorient their small and large lobes to achieve a
closed state that properly aligns the catalytic machinery. Unlike
PKA, the binding of nucleotides is apparently insufficient to
drive this conformational change in GRKs (8).

While the detailed mechanism of GRK activation has yet to be
delineated, activated GPCRs are the most important regulators
of kinase activity. GRKs exhibit low activity when peptides are
used as substrates, but this activity can be stimulated in the
presence of activated receptors (1/—14). Such experiments sup-
port the existence of a noncatalytic, allosteric “docking site” on
GRKs that also serves to discriminate between inactive and
active receptors. The molecular basis for how GRK?2 recognizes
activated GPCRs is also poorly understood. The extreme
N-terminal region of GRKSs, which is disordered in all but one
of the published GRK crystal structures, is predicted to form a
helix that is important for receptor phosphorylation via binding
directly either to receptors or to phospholipids (15, 16). The RH
domain may also play a role in receptor interaction. The GRK2-
D527A mutation in al1 of the RH domain hinders quenching of
ligand-induced inositol phosphate formation and ablates co-
immunoprecipitation of GRK?2 with the metabotropic glutamate
receptor, mGluR 1a (17).

The predicted model of the GRK2—Gpy complex at the
membrane (6) suggested that the cytoplasmic loops and tails of
receptors could be accommodated in the space between the
membrane plane and the large lobe of the kinase domain
(Figure 2, inset). This simple model suggested that two regions
of the kinase domain could be in the proximity of the receptor.
The first region consists of the oD helix and the aF—aG loop,
which form the walls of the putative peptide-binding channel on
the large lobe (Figure 2). There is further rationale for believing
that the large lobe might contain elements that contribute to
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FiGure 1: GRK2 structure. Full-length GRK2 is oriented to display
its predicted membrane-proximal surface, regions of which are
expected to interact with the cytoplasmic loops and tails of an
activated GPCR (6). In GRK2, the RH domain contacts both the
kinase domain (green) and the PH domain (brown). In the RH
domain, atl—a9 are colored purple, while a10 and 11, which are
unique to the RH domains of GRKs, are colored magenta. The
regions that interact with Ga, are colored cyan, those that interact
with Gfy yellow, and those that interact with phosphatidylinositol
bisphosphate (PIP,) orange. The 28 N-terminal amino acids, a large
portion of the kinase extension (residues 476—495), a loop of the PH
domain, and the 21 C-terminal residues are not structured in GRK2
crystals. The termini of ordered regions are indicated by Ser29,
Gly475, 11e496, Gly569, Trp576, and Pro668 (arrows).

receptor binding. In the crystal structure of PKA with the PKI
inhibitor peptide, PKI not only binds to the phosphoacceptor site
adjacent to the active site but also forms extensive interactions
with the aF—aG loop region. These latter interactions are
required for high-affinity binding (18). By analogy, an extension
of the receptor containing the phosphoacceptor Ser or Thr, such
as a portion of the carboxyl tail or third intracellular loop, may
bind to the peptide channel of the large lobe. The second region
consists primarily of the AST, which is conserved among GRKs
but less so with other AGC kinases. This region is disordered in
structures of GRK2 and GRK6 and partially ordered in nucleo-
tide-bound structures of GRK1. In the AGC kinase family, the
C-tail is recognized as a site used for regulation of activity via
covalent modification or protein—protein interactions (J).
Indeed, this region is near the hinge of the kinase domain and
could make direct contacts with both ATP and the phosphoac-
ceptor. A glutathione S-transferase (GST) fusion protein, GST—
GRK2(457—-546), which includes the entire C-tail, was also
reported to bind rhodopsin and inhibit GRK2-mediated desen-
sitization, while a truncated GRK2 containing residues 1—457
could phosphorylate peptides, but not rhodopsin (20). Further-
more, an autophosphorylation-deficient mutant of GRKS, which
eliminated two phosphoacceptor sites in the AST region, has a
15-fold lower catalytic efficiency resulting from a combined
higher Ky (2.8-fold) and a lower V, (5.3-fold) using rhodopsin
as a substrate (21). A proline-rich region on the N-terminal side
of the AST has also been reported to be important for the
interaction of GRK with activated GPCRs (22).

We therefore tested whether specific residues of the kinase
domain large lobe and C-tail were critical for docking with
activated receptors. Twenty surface residues of the large lobe and
the AST were selected for mutagenesis. Four mutants exhibited
significant defects in their ability to phosphorylate two GPCRs:
rhodopsin and the f»-adrenergic receptor (5,AR). However,
these mutants also exhibited lower but appreciable defects in their
ability to phosphorylate nonreceptor substrates. Furthermore,
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FIGURE 2: Kinase domain residues targeted for mutagenesis. The
GRK2 kinase domain was modeled in a closed conformation on the
basis of an activated structure of PKA (Protein Data Bank entry
1L3R). Two regions of the kinase domain were targeted for mutagen-
esis: the large lobe and the C-tail. To indicate the expected position of
the phosphoacceptor binding site, the phosphoacceptor sequence of
rhodopsin (peptide C; gray spheres) was docked onto the structure
using the structure of the glycogen synthase kinase 3/ peptide bound
to protein kinase B as a guide (PDB code 106K). Nearby residues
that could interact with other regions of the receptor (His280, Tyr281,
Ser284, GIn285, His394, Lys395, and Lys397) were substituted with
alanine. The AST of GRK2 has also been implicated in receptor
interaction (20), but residues Glu476—Leu499 have been unstruc-
tured in all crystals of GRK2 reported thus far. However, a nearly
fully ordered AST loop (black backbone) was observed in GRK1 (8).
This structure was mapped onto GRK?2 to provide an estimate of the
position of amino acids in the AST. Pro473, Glu476, Val477, Asp481,
Phed83, Asp484, 11e485, Phed88, Glu490, Gly495, and Leud99 in the
AST were selected for site-directed mutagenesis. Substituted residues
that exhibited diminished capacity to phosphorylate receptor and at
least some of the nonreceptor substrates have carbon atoms colored
magenta, whereas those that did not have significant effects on
rhodopsin phosphorylation have carbons colored yellow. The inset
is a space-filling model of GRK2 at the plasma membrane using the
Figure 1 coloring scheme (RH domain colored purple and magenta
and the PH domain colored brown). We speculated that the cleft
between the lipid bilayer and the kinase large lobe could serve to
accommodate the intracellular loops and carboxyl tail of a GPCR.
Mutated residues in the kinase domain are shown as yellow spheres.

Michaelis—Menten kinetics of the most defective mutant, V477D
in the AST, was most consistent with a catalytic but not a binding
defect. In summary, our studies indicate that several residues in
the AST are involved in the mechanism by which receptors
activate GRKSs and that, except for Tyr281, residues in the large
lobe do not thus far appear to significantly contribute to receptor
docking or kinase domain closure.

EXPERIMENTAL PROCEDURES

Materials. African green monkey kidney cells (COS-1) and
Spodoptera frugiperda (Sf9) insect cells were from the American
Tissue Culture Collection. Bovine GRK2 cDNA in a mammalian
cell expression vector, pcDNA3-GRK2, was a gift from
J. Benovic (Thomas Jefferson University, Philadelphia, PA).
P>ARs with an amino-terminal Flag tag and a carboxyl-terminal
hexahistidine tag in phospholipid vesicles (23, 24) and in dodecyl
maltoside (DDM) were a generous gift ftom R. J. Lefkowitz
(Duke University, Durham, NC). An Escherichia coli plasmid for
expression of human a-synuclein (pRK172) was provided by
M. Goedert (University of Cambridge, Cambridge, U.K.). The
PyMOL Molecular Graphics System was used to generate
protein structure figures.
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Mutagenesis of GRK?2. Site-directed mutagenesis (Quik-
Change, Stratagene) with minor modifications (25) was used to
make 20 mutants in the pcDNA3-GRK2 construct, generating
single amino acid substitutions in the AST region and large
lobe of the kinase domain. The mutants were H280A, Y281A,
S284A, Q285A, Q285K, H394A, K395A, K397A, P473A,
P473E, E476K, V477D, DA481A, F483D, D484A, 1485A,
F488D, E490K, G495A, and L499D. Each mutant was verified
by DNA sequencing.

COS-1 Cell Transient Transfection and Quantification
of GRK?2 Expression. In three independent experiments, COS-
1 cells (7.4 x 10°) grown in DMEM supplemented with 10% fetal
bovine serum, 100 units/mL penicillin, and 100 ug/mL strepto-
mycin at 37 °C with 5% CO, were plated on 6 cm dishes and
transfected with 4 ug of plasmid DNA using 6 uL of FuGENE-6
(Roche). After 48 h, cells were washed twice in STE [20 mM Tris,
150 mM NaCl, and | mM EDTA (pH 8)] and scraped in 0.4 mL of
20 mM HEPES (pH 7.5), 250 mM NaCl, 10 mM EDTA, 0.02%
Triton X-100, 0.5 mM PMSF, 20 ug/mL leupeptin, and 100 ug/
mL benzamidine (buffer A) per plate. Lysates were sonicated with
a microtip probe sonicator 30 times using a 1 s pulse followed by a
2 s rest period between pulses. Soluble fractions were prepared by
centrifugation for 10 min at 40000g. The GRK2 concentration in
the soluble fraction was determined by Western analysis of three
separate transfections (26). Under the conditions that were used,
endogenous GRK2 was not detected.

Purification of WT and Mutant GRK2. (i) COS-1
Cells. GRK2 mutants with apparent defects in their ability to
phosphorylate rhodopsin were purified for more detailed analysis
of their catalytic activity. COS-1 cells (2.4 x 10°) propagated as
described above were plated on four 10 cm plates and transfected
~20 h later with 10 ug of plasmid DNA using 25 uL of FuGENE-
6 reagent. After 48 h, cells were washed twice with STE and
scraped into 0.8 mL of buffer A per plate. Lysates were sonicated
in 1 s bursts with 2 s rest periods for 3 min, and high-speed
supernatant (HSS) fractions were obtained by centrifugation for
10 min at 40000g. HSS fractions were then diluted to
~50 mM NaCl with buffer B (20 mM HEPES, 5 mM EDTA,
0.02% Triton X-100, 1 mM PMSF, 10 ug/mL leupeptin, and
0.2 mg/mL benzamidine) and loaded at a rate of 0.5 mL/min onto
tandem 1 mL High Q and High S columns (Bio-Rad) pre-
equilibrated with buffer B containing 50 mM NaCl. The High
Q column was removed, and the High S column was washed with
10 mL of buffer B containing 50 mM NaCl and then eluted with a
20 mL NaCl gradient from 50 to 400 mM at 0.5 mL/min.
Fractions (0.5 mL) were analyzed for purity by Coomassie
staining of 8% SDS—polyacrylamide gels, and a kinase assay,
using rhodopsin as a substrate, was conducted as described below
ina 20 uL reaction volume with 6 uL of High S column fractions.
Fractions containing GRK2 were subsequently pooled, diluted
to ~50 mM NaCl with buffer B, and loaded onto a 0.5 mL
heparin-Sepharose CL-6B (Pharmacia Biotech/GE Healthcare)
column at 0.5 mL/min. Following washing, the heparin-Sephar-
ose column was eluted with a 20 mL NaCl gradient from 100 to
600 mM in buffer B. Fractions were analyzed for purity by 8%
SDS—PAGE and Coomassie staining, and a 20 uL kinase
reaction with 6 uL of heparin-Sepharose fractions was used to
identify fractions containing GRK2. GRK2 fractions were
pooled and diluted to achieve a salt concentration of ~100
mM NaCl in buffer B, and then protein was concentrated by
centrifugation (Microcon or Centricon) at 5000 rpm (~2500g)
and stored at —20 °C in 25% glycerol.
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(ii) Baculovirus Production and Purification of WT and
Mutant GRK?2 from Sf9 Insect Cells. The Bac-to-Bac Bacu-
lovirus Expression System (Invitrogen) was used to express
GRK2 in Sf9 insect cells as previously described (27). A HindIII
fragment containing the WT or mutant GRK2 ¢cDNA was
excised from the pcDNA3-GRK2 constructs and ligated into
HindII-cut pFastBacl (pFBI). Pellets from ~200 mL of bacu-
lovirus-infected cells were resuspended in 50 mL of buffer B, and
cell lysis was achieved using a polytron tissue disruptor. The
lysate was clarified by centrifugation at 35000g for 20 min, and a
HSS fraction was generated by centrifugation at 138000g for
60 min in a SW28 rotor. The HSS fraction was diluted 5-fold to
achieve 50 mM NaCl and loaded at a rate of 2 mL/min on
tandem 5 mL High Q and High S columns. After removal of the
High Q column, the High S column was washed and then eluted
with a 100 mL NaCl gradient from 50 to 400 mM. Fractions
containing GRK2 were pooled, diluted to 100 mM NaCl with
buffer B, and loaded on a 1 mL heparin-Sepharose CL-6B
(Pharmacia Biotech/GE Healthcare) column at a rate of 1 mL/
min. GRK2 was eluted with a 20 mL NaCl gradient from 100 to
600 mM NaCl in buffer B. GRK2-containing fractions were
pooled and glycerol was added to a final concentration of 25%.
GRK2 was then stored at —20 °C.

GRK2 Activity with Receptor and Nonreceptor Sub-
strates. (i) Rhodopsin. Rod outer segments were isolated
from frozen dark-adapted bovine retinas (W. L. Lawson Co.,
Lincoln, NE) and washed with urea as previously described (28).
WT and mutant GRK2 (~165 nM) purified from COS-1 cells
were analyzed in 20 uL reaction volumes with GRK2 kinase
buffer [20 mM Tris-HCI (pH 7.5),2 mM EDTA, 7.5 mM MgCl,,
and 200 uM ATP] containing ~0.2 dpm/fmol [y-**PJATP and
15 uM rhodopsin for 3 min at 30 °C in ambient room light.
Reactions were quenched by the addition of 20 uL of SDS—
PAGE sample buffer (Laemmli sample buffer containing 8%
SDS, 30% glycerol, and 25 mM f-mercaptoethanol); samples
were incubated for 30 min at 60 °C, and then 20 uL was resolved
by 10% SDS—PAGE. Gels were stained with Coomassie and
dried; rhodopsin bands were excised, and the amount of P
incorporation was measured by liquid scintillation counting. An
empty region of the gel was used to obtain a background
measurement. Values were expressed in terms of mean kinase
activity + the standard error for three experiments conducted in
duplicate. The statistical significance of mutant GRK2 activity
was assessed by ANOVA comparison to that of WT GRK2. The
phosphorylation of dark-adapted rhodopsin was negligible.

(ii) p2AR. WT and mutant GRK2 (60 nM) purified from
COS-1 cells were analyzed in 20 L reaction volumes with GRK2
kinase buffer containing ~2.0 dpm/fmol [y-**PJATP and 50 nM
PAR reconstituted in phosphatidylcholine vesicles (23) for
40 min at 30 °C in the presence of either 100 uM alprenolol
hydrocholoride (Sigma) or 100 uM (—)-isoproterenol (Sigma).
Reactions were analyzed as described above for rhodopsin,
except that autoradiography was required to identify S,AR
bands. Values are expressed in terms of mean kinase activity £
the standard error for three experiments conducted in duplicate.

(iii) Tubulin. Lyophilized bovine brain tubulin (Cytoskele-
ton, Denver, CO) was resuspended in 50 mM Tris (pH 7.5). The
ability of WT or mutant GRK2 to phosphorylate tubulin was
assessed by incubation of ~165 nM COS-1-purified GRK2 in
20 uL reaction volumes with GRK?2 kinase buffer, [y->’PJATP
(~1 dpm/fmol), and 500 nM tubulin for 30 min at 30 °C.
Reactions were analyzed as described above for rhodopsin.
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Three experiments were performed in duplicate, and mean values
are expressed + the standard error.

(iv) a-Synuclein. Human o-synuclein was expressed in
E. coli and isolated by boiling and source Q purification as
described previously (29). The ability of Sf9-purified WT and
mutant GRK2 (100 nM) to phosphorylate 10 uM o-synuclein
was assessed by incubation for 30 minat 30 °Cina 15 uL reaction
mixture containing [y-""PJATP (~1 dpm/fmol) in a modified
kinase buffer that lacks EDTA [20 mM Tris-HCI (pH 7.5),
4.0 mM MgCl,, and 200 uM ATP]. Synuclein was resolved on
8 to 16% gradient acrylamide gels, and then **P transfer was
assessed as described above for rhodopsin. Values are expressed
in terms of mean kinase activity + the standard error for three
experiments performed in duplicate.

(v) RESA Peptide. The peptide R;EsSA; (RESA) was
synthesized and purified by the Protein Microanalysis Core at
the University of Texas Institute for Cellular and Molecular
Biology and suspended at 30 mM in 50 mM Tris (pH 7.4). WT
and mutant GRK2 (~273 nM) purified from COS-1 cells were
incubated in 20 uL reaction mixtures with kinase buffer, [y-32P]
ATP (~0.2 dpm/fmol), and 1 mM RESA for 1 h at 30 °C.
Reactions were quenched by the addition of 10 uL of 45%
trichloroacetic acid, and denatured protein was pelleted by
centrifugation for 10 min at 12000g. Supernatants were spotted
on P81 paper in duplicate and washed six times with 75 mM
phosphoric acid, and the extent of transfer of **P to RESA was
evaluated by liquid scintillation counting. Background counts
from an unspotted piece of P81 paper were subtracted from all
measurements. Values are expressed as means + the standard
error for three experiments conducted in duplicate.

(vi) RASASA Peptide. The peptide R;ASA;SA, (RASA-
SA) was synthesized and purified by Keck Biotechnology Re-
source Laboratory (Yale University, New Haven, CT), and a
10 mM stock solution was prepared in 50 mM Tris (pH 7.4). Sf9-
purified WT and mutant GRK2 (100 nM) were assayed for
50 min at 30 °C in 15 uL reaction mixtures containing 1 mM
RASASA in GRK2 kinase buffer with [y-**PJATP (~1 dpm/
fmol). Reactions were quenched with 9 uL. of SDS—PAGE
sample buffer; mixtures were heated to 60 °C for 15 min, and
10 uL was analyzed on 20% SDS—polyacrylamide gels. The
RASASA peptide was visualized with Coomassie stain, and
bands were excised from the destained gel to determine the
amount of P transferred. A lane without enzyme was used to
determine background. Values are expressed as means + the
standard error for three experiments performed in duplicate.

Michaelis— Menten Kinetic Analysis. The rhodopsin con-
centration in rod outer segments was varied between 2.5 and
20 uM in 15 uL reaction mixtures containing 100 nM GRK2,
GRK2-Y281A, GRK2-P473E, and GRK2-1485A or 400 nM
GRK2-V477D (baculovirus-expressed and purified), 100 mM
HEPES (pH 7.5), | mM EDTA, 10 mM MgCl,, 1 mM ATP, and
[y-**PJATP (~0.2 dpm/fmol). Reactions were conducted for
2 min and mixtures were processed as described above. Prelimi-
nary experiments verified that rhodopsin phosphorylation was
linear during this time frame and <5% of the substrate was
phosphorylated. Experiments were performed three times in
duplicate. To determine Ky and ke, for WT and mutant
GRK2, the initial rate data were fit to the Michaelis—Menten
rate equation using GraphPad Prism 4.0 (GraphPad Software,
Inc., San Diego, CA).

Activation of GRK2 by B>AR in Phosphatidylinositol
(PI)]DDM Mixed Micelles. PI/DDM mixed micelles
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were prepared using minor modifications of a procedure
described by Onorato et al. (30). Bovine liver PI in chloroform
(Avanti Polar Lipids, Alabaster, AL) was dried with a stream of
nitrogen gas and resuspended at a concentration of 2 mg/mL by
incubation at 30 °C for 30 min in 0.8 mM dodecyl maltoside
(Anatrace, Maumee, OH), 20 mM Tris-HCI (pH 7.5), 2 mM
EDTA, and 7.5 mM MgCl,. 5,AR in DDM was inserted into
PI/DDM mixed micelles by incubation on ice for 1 h, yielding a
stock concentration of 320 nM $,AR in 2 mg/mL PI and
0.91 mM DDM. The ability of 5,AR to stimulate GRK?2 activity
(100—200 nM WT or 200 nM V477D) was assayed by comparing
RASASA phosphorylation (as described above) in the absence of
receptor or in the presence of isoproterenol (100 ©M)-treated
P-AR that had been diluted 4-fold from the 320 nM stock into the
kinase assay. The effects of alprenolol-treated 5,AR or mixed
micelles lacking 5,AR on RASASA phosphorylation were also
assessed. Values are expressed as means = the standard error for
five experiments. Two-way ANOVA with a Bonferroni’s post test
was used to assess statistical significance.

RESULTS

In an initial screen to identify receptor phosphorylation defects
mediated by residues in the large lobe and C-tail of GRK2
(Figure 2), WT and mutant GRK?2 were overexpressed in COS-1
cells, and extracts were prepared to assess the level of GRK2 in
the HSS fraction. All mutants were expressed at normal levels
with the exception of H394A, which was not detectable in the
soluble fraction (Figure 3A). The remaining WT and GRK2
mutant proteins from COS-1 lysates were then assayed for their
ability to phosphorylate a model GPCR, the visual pigment
rhodopsin. Two mutants, P473E and V477D, exhibited statisti-
cally significant defects in their ability to phosphorylate light-
activated rhodopsin. Three other mutants, Y281A, D481A, and
1485A, exhibited consistently lower but not statistically significant
differences in activity (Figure 3B). All five mutants were subse-
quently purified to homogeneity from lysates and reassessed for
their ability to phosphorylate rhodopsin (Figure 4A). The V477D
mutant was the most severely impaired, phosphorylating rho-
dopsin at only 2.3% of the WT level. Y281A, P473E, and 1485A
exhibited smaller (30—60% of that of WT) but statistically
significant defects (P < 0.01). In contrast, purified D481A did
not exhibit any phosphorylation defect (data not shown) and was
not studied further.

All four mutants reside in the AST or in the oD helix of the
large lobe, which contains residues that interact with the AST.
Notably, mutation of residues equivalent to Y281, V477, and
1485 were also found to be defective in receptor phosphorylation
in a recent study of GRK1 (31).

The four remaining mutants were also impaired in their ability
to phosphorylate another GPCR, isoproterenol-activated 5,AR
reconstituted into phospholipid vesicles (Figure 4B). The rank
order of the 5,AR phosphorylation defect was similar to that
of the rhodopsin phosphorylation defect with V477D being
most defective (7.8% of that of WT), followed by 1485A (22%
of that of WT), P473E (29% of that of WT), and Y281A (41% of
that of WT).

We then tested the ability of WT and mutant GRK?2 enzymes
to phosphorylate soluble, nonreceptor substrates. Nonreceptor
substrates have been used to distinguish receptor-dependent
effects. Early studies aiming to characterize the substrate
specificity of GRK2 focused on the phosphorylation of free
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FIGURE 3: Expression and phosphorylation of light-activated
rhodopsin by GRK2 and its kinase domain mutants. (A) WT and
GRK2 mutant cDNAs were transiently transfected into COS-1 cells,
and the amount of GRK2 in the HSS fraction of the cells was
quantified by immunoblotting and densitometry. (B) Kinase activity
of WT and mutant GRK2 (~165 nM) in cell lysates assessed using 15
uM light-activated rhodopsin and 200 uM [y-*PJATP (0.2 dpm/
fmol) as substrates. Coomassie-stained rhodopsin bands separated
by SDS—PAGE were excised, and the phosphate transferred was
quantified by liquid scintillation counting. Error bars indicate the
standard error of the mean. One-way ANOVA was used to compare
statistical significance of differences relative to WT. p < 0.05 (one
asterisk), and p < 0.01 (two asterisks).

peptides, representing either portions of 5,AR (32) or synthetic
peptides (33). Peptides harboring acidic residues on the amino-
terminal side of the phosphoacceptor were the best substrates
with Michaelis constants of ~1 mM. Some nonreceptor proteins
such as tubulin and o-synuclein also act as substrates for GRK2
and are more convenient to assay than peptides. For both tubulin
and a-synuclein, the phosphoacceptor sites are embedded within
acidic regions and the Michaelis constant for tubulin is lower
than that of free peptides and rhodopsin at ~0.5 uM (34, 35).

The primary difference observed between tubulin and GPCR
phosphorylation was that the defect of the V477D mutant is not
nearly as severe. V477D phosphorylated tubulin at 47% of the
WT level, on par with the 32—64% defect observed with the other
mutants (Figure 4C). Similarly, the P473E, V477D, and 1485A
mutants phosphorylated a-synuclein at ~46% of the WT level,
while Y281A showed no defect in a-synuclein phosphorylation
(Figure 4D). All mutants were impaired in their ability to
phosphorylate the highly acidic RESA peptide (Figure 4E). With
the exception of V477D, the inability to phosphorylate RESA
paralleled the deficiency in GPCR phosphorylation.

The nonacidic peptide R;ASA3SA, (RASASA) is a very poor
substrate with a Ky; 4—>5-fold higher than that of RESA and a
Vmax S0-fold lower than that of RESA. Because it most likely
interacts solely with active site residues, phosphorylation of
RASASA is thought to be a measure of the basal rate of catalysis,
i.e., the fraction of GRK2 molecules that can spontaneously
acquire the active form. The four mutants retained 50—70% of
the WT ability to phosphorylate RASASA (Figure 4F), suggest-
ing that although the active site of GRK2 was not seriously
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FIGURE 5: Michaelis—Menten kinetics. Kinase reactions were per-
formed with rhodopsin (2.5—20 M), 100 nM WT GRK2, GRK2-
Y281A, GRK2-P473E, and GRK2-I485A or 400 nM GRK2-
V477D, and 1 mM [y-*P]JATP (~0.2 dpm/fmol) for 2 min in the
light. Rhodopsin was separated by electrophoresis, stained, and
excised to quantitatively determine the amount of phosphate trans-
ferred. The data are derived from three experiments conducted in
duplicate, and error bars represent the standard error of the mean.
Initial rate data were fit to the Michaelis—Menten rate equation, and
values for Ky and k., are given in Table 1.
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perturbed by any of these point mutants, the mutant proteins still
had difficulty in achieving a closed conformation capable of
phosphorylating this peptide substrate. Overall, the bulk of our
data indicated that the residues we found to be the most
important for receptor phosphorylation also were hampered in
their ability to phosphorylate soluble substrates.

We next attempted to distinguish catalytic from binding
defects using Michaelis—Menten kinetics, with GRK2 purified
from baculovirus-infected Sf9 cells as a source of the kinase and
light-activated rhodopsin as a substrate (Figure 5). The Ky for
WT GRK2 was ~8 uM, consistent with previously published
values (36, 37). P473E and 1485A exhibited 3—4-fold increases in
their Michaelis constants (Table 1). V477D, but not the other
mutants, exhibited a 12-fold decrease in turnover number. Thus,
the inability of V477D to phosphorylate rhodopsin seemed
primarily a consequence of a catalytic defect.

Because V477D appears to have a catalytic defect and its
impairment is more severe with GPCR substrates than nonre-
ceptor substrates, we hypothesized that V477D is defective in
receptor-mediated activation. While RASASA is a very poor
GRK2 substrate, an increased level of phosphorylation of this
peptide can be achieved by including an activated GPCR in the
kinase assay (/3). Thus, phosphorylation of RASASA in the
presence of ligand-treated GPCR serves as an assay of GRK
activation. For our activation assays, $,AR was inserted into PI/
DDM mixed micelles. Upon treatment with isoproterenol, 5,AR
stimulated RASASA phosphorylation by WT GRK2 6-fold
(Figure 6). However, only an ~2.5-fold stimulation can be
attributed to the activated receptor, since 2—2.5-fold stimulation
is observed with the addition of either PI/DDM or ,AR in PI/
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FIGURE 6: The GRK2 V477D mutant is deficient in S,AR-mediated
activation. Phosphorylation of | mM RASASA peptide by 100—200
nM GRK2 or 200 nM V477D was assessed in the absence or presence
of PI/DDM mixed micelles (PI/DDM), 80 nM isoproterenol-treated
S>AR in PI/DDM mixed micelles (5,AR/ISO), or 80 nM alprenolol-
treated 5,AR in PI/DDM mixed micelles (3, AR/ALP). Two-way
ANOVA was used to test statistical significance. Error bars indicate
the standard error of the mean. p < 0.05 (one asterisk). p < 0.01 (two
asterisks). p < 0.001 (three asterisks).

Table 1: GRK2 Kinetics with Rhodopsin

GRK2 keat (571 Ky (uM) catalytic efficiency, kea/Km (M~ 's71) x-fold decrease in ke, / Ky
WT 0.20£+0.03 8.4+2.7 23800 1.0
Y281A 0.13+0.03 8.0+3.4 16250 1.4
P473E 0.40£0.10 345+13 11600 2.1
V477D 0.018 +0.002 11.1+1.8 1620 14.7
1485A 0.37+0.10 25.34+10.9 14600 1.6
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DDM micelles treated with the inverse agonist, alprenolol. For
the sake of comparison, Chen et al. (/3) achieved a ~10-fold
stimulation of RASASA phosphorylation when comparing
agonist-treated and untreated ,AR. Notably, when (,AR
reconstituted into phospholipid vesicles was used as the activator,
a much higher rate (4—7-fold) of phosphoryl transfer was
achieved than in our assays in which 5,AR in PI/DDM mixed
micelles was used. Nevertheless, in contrast with WT GRK2,
isoproterenol-treated 5,AR in PI/DDM micelles did not stimu-
late the ability of V477D to phosphorylate RASASA, indicating
that this mutant is less able to undergo receptor-stimulated
allosteric activation.

DISCUSSION

Structural data suggest that the activation of a GRK requires
reorientation of the small and large lobes of the kinase domain
(6—8) and not other events typically associated with kinase
activation. ATP binding induces only a partial closure of this
domain, as well as only partial ordering of the AST region of the
C-tail (8). Assuming that the binding of agonist-occupied GPCRs
induces full domain closure, we asked which residues of the
kinase domain might be involved in this process. Our initial
model of a GPCR interacting with GRK2 placed the receptor in
the space between the expected membrane surface and the large
lobe of the kinase domain, where phosphorylation sites in the
receptor cytoplasmic loops and tail would have easy access to the
kinase active site. Furthermore, via interaction with both
the small and large lobes, it was envisioned that receptor binding
could help pull the large lobe toward the membrane such that the
kinase domain would assume an active conformation similar to
that exhibited by PKA. Because activated receptors can decrease
the Ky, for the phosphorylation of a synthetic peptide substrate
such as RESA (13) or peptides encompassing the phosphoaccep-
tor sites of rhodopsin (peptide C) (12), we would expect that
residues principally involved in docking to the receptor would
lead to an increase in the Ky; for rhodopsin phosphorylation. Of
the seven residues tested, the only residue in the large lobe we
confirmed to be important for receptor phosphorylation was
Tyr281, which is located close to the N-terminus of the oD helix
(Figure 2). The Y281A mutant exhibited an only modest reduc-
tion in k.. Because the Ky for Y281A is comparable to that of
WT, our data suggest that this mutant harbors a deficiency in the
allosteric transition that leads to full domain closure. Consistent
with this hypothesis, recently reported structures of GRKI1 (8)
show that the residue equivalent to Tyr281 packs against the AST
region, suggesting that it is primarily involved in stabilizing the
closed conformation of GRK2. Although this hypothesis seems
at odds with the ability of the Y281 A mutant to phosphorylate
o-synuclein at nearly WT levels, it is possible that this particular
substrate can functionally substitute for the Tyr281A mutation
by stabilizing the AST via a different mechanism. Indeed, it is
possible that nonreceptor substrates can drive kinase domain
closure through unique pathways. Notably, two previously
characterized mutants, D278R and D278A, are also impaired
in the phosphorylation of f,ARs (38). Although they were
initially proposed to be involved in receptor recognition, atomic
structures of GRKs suggest the side chain not only caps the
positive dipole at the N-terminus of oD but also bridges this helix
to the ribose of bound ATP. Thus, residues in the aD helix, which
immediately follows the hinge of the domain, are functionally
very important in forming interactions that connect the large lobe
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to the active site and AST. Because no other substitutions in the
large lobe altered receptor phosphorylation, our data do not
support the theory that the large lobe contributes to the allosteric
docking site for receptors. By analogy to AGC kinases, the large
lobe is expected to contribute to the peptide channel, but studies
with free peptides suggest that these interactions are of very low
affinity (12, 13, 32, 33). This is common for protein kinases,
which often rely on “docking sites” to achieve high affinity and
selectivity for their targets (39).

A surprising result of this study is the number of conserved
residues in the AST region that do not appear to play a major role
in the phosphorylation of rhodopsin by GRK2. Asp484 of
GRK2 and Phe488 of GRK2 are well conserved among all
AGC kinases, whereas Asp481 of GRK2 is conserved in the
GRK family but not in the AGC kinase family. Glu490 of GRK2
is part of a DEE*D sequence that is found in the GRK2/3
family but not the GRK1/7 or GRK4/5/6 family. GRK1 and
GRKS5 autophosphorylate serine and threonine residues that are
similarly located (the so-called AGC kinase “turn motif”), an
event that regulates receptor phosphorylation (21, 40). However,
the D481A, D484A, F488D, and E490K substitutions in GRK2
did not reduce the level of phosphorylation of rhodopsin in rod
outer segments. When the autophosphorylation sites of GRK1
(Ser488 and Thr489) were converted to alanine residues, the Ky
for ATP was increased 20-fold while the Ky for rhodopsin was
relatively unperturbed (40). Thus, a potential nucleotide binding
defect in our GRK2 mutants could have gone unnoticed in our
assays because the ATP concentration used (200 uM) is signifi-
cantly higher than the Ky, for ATP (60 uM) (37).

The N-terminal end of the AST region, however, does seem to
play a major role in receptor phosphorylation. Pro473 of GRK2
is at the N-terminus of the AST, and its conversion to glutamic
acid had significant effects on receptor phosphorylation, consis-
tent with a prior observation that this region was important for
rhodopsin phosphorylation and possibly receptor binding (22).
Notably, our P473A mutation did not have an effect, and thus,
the loss of activity appears to be due to interference caused by the
glutamate side chain. Given that P473E exhibits a mild Ky defect
(~4-fold), it could be that the charge or length of the glutamate
side chain directly interferes with receptor binding. However, our
model (Figure 2) predicts that the side chains of Pro473 and
Glu476 are juxtaposed in GRK?2, and hence, the P473E mutant
may also introduce charge repulsion and alter the AST structure.

Ile485 1s also an AST residue, and the I485A mutation exhibits
a phenotype similar to that of P473E: a small 3-fold Ky, defect
with no decrease in k. The 1485A mutation could therefore also
be inferred to contribute to binding the loops or tails of GPCRs.
However, 1485A is as defective in the phosphorylation of the
good nonreceptor substrates, tubulin and RESA, as it is in the
phosphorylation of GPCR substrates, suggesting instead that it
somehow must also be involved in stabilizing the closed state of
GRK2. Notably, and in contrast, a mutation analogous to [485A
in GRK1, V484A, exhibited a 10-fold decrease in k,; and little
change in Ky (31).

Val477 of GRK2 demonstrated the most dramatic change
upon mutation by exhibiting greatly impaired receptor as well as
soluble substrate phosphorylation. The equivalent residue in
GRKI points away from the small lobe and toward the mem-
brane plane (Figure 2). If the AST region modeled in the partially
closed structure of GRK1 is truly indicative of its position in the
activated state of GRKs, then this residue would be in an ideal
position to interact directly with activated receptors. However,
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this mutant primarily exhibited a k., defect, and not a Ky, defect,
suggesting again that it is more important for stabilizing the
active state of the kinase domain. Two aspects of our results are
consistent with this conclusion. First, in the receptor activation
assay (Figure 6), the ability of WT GRK2 to phosphorylate the
RASASA peptide was stimulated 2.5-fold by PI/DDM mixed
micelles and 2.5-fold further by isoproterenol-treated f,AR. In
contrast, V477D failed to undergo allosteric activation by the
agonist-treated receptor. Second, V477D demonstrates a defect
in both receptor and nonreceptor substrate phosphorylation.
Because Val477 is positioned between Glud76 and Asp481, the
V477D substitution could be imagined to disrupt structure
through electrostatic repulsion. However, the analogous
GRKI1-V476A mutation reduced k¢, for phosphorylation of
both rhodopsin and peptide C by ~10-fold while increasing Ky,
2—3-fold (31). Because GRK1-V476A and GRK2-V477D show
similar defects in catalysis, the loss of activity seems to be
primarily due to the loss of the valine side chain.

In summary, we have identified three positions in GRK2
(Tyr281, Pro473, and Val477) that are confined to a small region
near the hinge of the kinase domain and likely participate in the
mechanism of kinase domain closure and activation. A similar
conclusion was reached regarding residues equivalent to Tyr281
and Val477 in GRK1 (37). Our data suggest that I1e485, which is
relatively distant from the hinge, also is involved in formation of
the closed state of the kinase domain. How receptor binding
induces this allosteric transition is still unclear. Further char-
acterization of these and other mutants will be necessary to
dissect the mechanism of GRK2 activation.
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