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Abstract
The retina specific G protein-coupled receptor kinases, GRK1 and GRK7, have been implicated in
the shutoff of the photoresponse and adaptation to changing light conditions via rod and cone
opsin phosphorylation. Recently, we have defined sites of phosphorylation by cAMP-dependent
protein kinase (PKA) in the amino termini of both GRK1 and GRK7 in vitro. To determine the
conditions under which GRK7 is phosphorylated in vivo, we have generated an antibody that
recognizes GRK7 phosphorylated on Ser-36, the PKA phosphorylation site. Using this phospho-
specific antibody, we have shown that GRK7 is phosphorylated in vivo and is located in the cone
inner and outer segments of mammalian, amphibian and fish retinas. Using Xenopus laevis as a
model, GRK7 is phosphorylated under dark-adapted conditions, but becomes dephosphorylated
when the animals are exposed to light. The conservation of phosphorylation at Ser-36 in GRK7 in
these different species (which span a 400 million-year evolutionary period), and its light-
dependent regulation, indicate that phosphorylation plays an important role in the function of
GRK7. Our work demonstrates for the first time that cAMP can regulate proteins involved in the
photoresponse in cones and introduces a novel mode of regulation for the retinal GRKs by PKA.
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Rhodopsin kinase (GRK1) and GRK7 are retina-specific G protein-coupled receptor kinases
that have been implicated in the termination of the photoresponse in cones (Cideciyan et al.
2003, Liu et al. 2005, Rinner et al. 2005, Tachibanaki et al. 2005, Wada et al. 2006). GRK7
is expressed in all vertebrate cones so far examined, with the exception of mice and rats,
which do not have the gene for GRK7 (Hisatomi et al. 1998, Weiss et al. 1998, Chen et al.
2001, Weiss et al. 2001). In contrast, GRK1 is expressed in the rods of all vertebrates but is
also expressed in some vertebrate cones. Examples of the heterogeneity of GRK expression
in cones include mice and rats, which only express GRK1, pigs and dogs, which only
express GRK7, and a number of vertebrates where GRK1 and GRK7 are coexpressed in
cones, such as zebrafish, carp (Rinner et al. 2005, Shimauchi-Matsukawa et al. 2005, Wada
et al. 2006), monkeys and humans (Chen et al. 2001, Weiss et al. 2001, Maeda et al. 2003).
This variability in expression could result in differences in visual properties that may be
attributed to evolutionary adaptation to different environmental lighting. Electroretinogram
(ERG) analysis comparing patients with Oguchi disease, whose retinas lack GRK1, and
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patients with Enhanced S Cone syndrome, whose cones lack either GRK7 or both GRK1
and GRK7, indicate that both kinases may contribute to deactivation of the photoresponse in
human cones (Cideciyan et al. 2003). This introduces the interesting question of whether
these 2 kinases have similar or distinct modes of regulation that control their activities under
different light conditions. Our laboratory has proposed a novel mechanism for regulating
GRK1 and GRK7 activity via phosphorylation by cAMP-dependent protein kinase (PKA)
(Horner et al. 2005). GRK1 and GRK7 are phosphorylated by PKA in vitro on Ser-21 and
Ser-36, respectively, which results in reduced activity in vitro (Horner et al. 2005). Ser-36 is
conserved in all GRK7 orthologs from fish to mammals, suggesting that it plays an
important role in the function of this kinase. Since it is known that cAMP levels in
vertebrate photoreceptor cells are high in the dark and decline in the light (Farber et al.
1981, Cohen & Blazynski 1990, Weiss et al. 1995, Traverso et al. 2002), phosphorylation by
PKA may mediate the control of GRK7 activity by light.

In the present report, we use a phosphospecific antibody to define the presence of
phosphorylated GRK7 in vivo in mammalian, amphibian and fish cones. In living animals,
GRK7 is phosphorylated within approximately 60 min of dark-adaptation and
dephosphorylated within 60 min of light-adaptation. Increased phosphorylation in the dark
can be mimicked in retinas incubated ex vivo with reagents that increase cAMP,
demonstrating that this cyclic nucleotide can regulate the phosphorylation of
phototransduction-associated proteins in cones. These data reveal the existence of a
previously unknown and potentially important mechanism for the regulation of GRK7.

Materials and Methods
Antibodies

A polyclonal antibody directed against Xenopus laevis GRK7, anti-XGRK7, was raised in
rabbits against the synthetic peptide, CLNDPSREATGGGGNSG, which contains an amino-
terminal cysteine for conjugation to keyhole limpet hemocyanin (KLH) followed by amino
acids corresponding to 527–541 of X. laevis GRK7 (Bethyl Laboratories Inc., Montgomery,
TX). A polyclonal antibody that recognizes GRK7 phosphorylated at Ser-36 (anti-pGRK7)
was also generated in rabbits by Bethyl Laboratories using the sequence,
CQRRRR(pS)LMLP, which contains an amino-terminal cysteine for conjugation to KLH,
followed by a sequence corresponding to amino acids 31–40 of pig and bovine GRK7. The
phosphopeptide and nonphosphopeptide corresponding to this sequence were also obtained
from Bethyl Laboratories. The anti-Flag antibody was purchased from Sigma (St. Louis,
MO). For experiments described in Fig. 6, the anti-XGRK7 and anti-pGRK7 antibodies
were conjugated directly to the fluorophores Alexafluor-488 and Alexafluor-555,
respectively (Invitrogen, Carlsbad, CA).

Cloning of Xenopus laevis GRK7
The primers, GCCATGTGTGACATGGGAGGACTAGA and
CATCTAAAGAATAGAGCAAACCCCTGACTT, were synthesized based on the sequence
of the 5′ and 3′ ends of the coding regions, respectively, of Xenopus tropicalis GRK7,
derived from the Department of Energy Joint Genome Institute database (http://
www.jgi.doe.gov/). These primers were used to amplify the 2 paralogs of the Xenopus laevis
GRK7 cDNAs (XGRK7a and XGRK7b) from X. laevis retina RNA using the SMART
RACE cDNA Amplification kit (Clontech, Mountain View, CA). The 5′ and 3′ noncoding
regions were amplified using primers against the cloned fragment of the cDNA and the
primers included with the RACE kit. The accession numbers for Xenopus laevis GRK7a and
GRK7b are EU621673 and EU621674, respectively.
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Expression and purification of human GRK7 from HEK-293 cells
Flag-tagged, human GRK7 was expressed in HEK-293 cells cultured in DME/F-12 with
10% fetal bovine serum (complete medium). One day after subculture, cells were
cotransfected with 4 μg human GRK7 cDNA inserted into the pFLAG-CMV2 vector
(Sigma-Aldrich, Inc., St. Louis, MO) and 2 μg pRSV-T antigen per 10-cm dish using
diethylaminoethyl dextran as described previously (Weiss et al. 1994). After DMSO shock,
the culture medium was replaced with 10 ml complete medium containing 1 mM
mevalonolactone (Sigma-Aldrich, Inc) to ensure that the carboxyl terminus of GRK7 is
isoprenylated. Approximately 72 h after transfection, cells were harvested, frozen once, then
homogenized in Tris-buffered saline (TBS) containing 0.5% n-dodecyl maltoside and
Protease Inhibitor Cocktail (Sigma-Aldrich, Inc.), followed by centrifugation at 40,000 × g
for 30 min at 4 °C. Flag-tagged, human GRK7 was isolated using M2 anti-Flag monoclonal
antibody resin (Anti-Flag Affinity Gel; Sigma-Aldrich, Inc) as described previously (Horner
et al. 2005). The amount of purified GRK7 was determined by SDS-PAGE using BSA as a
standard. The gel was stained with SYPRO Red (Molecular Probes, Eugene, OR) and
visualized using the STORM imaging system (General Electric Healthcare Life Sciences,
Piscataway, NJ).

Immunoblot analysis of in vitro-phosphorylated human GRK7
To evaluate the specificity of the anti-pGRK7 antibody, Flag-tagged human GRK7, isolated
as described above, was phosphorylated in vitro and analyzed by immunoblot analysis.
Reaction mixtures containing 750 ng GRK7 and 200 μM ATP were incubated with or
without 7,500 units of PKA catalytic subunit (New England Biolabs, Ipswich, MA) for 1 h
at 30 °C in buffer supplied by the manufacturer. The reaction was stopped by the addition of
5X Laemmli buffer (Laemmli 1970). Samples from the reaction mixtures containing 225 ng
GRK7 were chromatographed by SDS-PAGE and transferred to nitrocellulose for
immunoblot analysis. The anti-pGRK7 antibody was preincubated overnight with or without
a 10-fold excess by weight of the phosphopeptide or nonphosphopeptide (Bethyl
Laboratories Inc.), followed by incubation with the blots as described in the legend to Figure
2A.

Phosphorylation of human GRK7 in HEK-293 cells
Human GRK7 cDNA inserted into the pFLAG-CMV2 vector (Sigma) was mixed with Opti-
MEM I medium (Invitrogen) and Lipofectamine 2000 (Invitrogen). The transfection was
carried out according to the manufacturer’s directions using 3 μg of DNA per 3.5 cm culture
dish. One day after plating, the cells were incubated with 1 mM mevalonolactone in
complete medium to ensure isoprenylation of the GRK7 carboxyl terminus. Cells were
cultured for 48 hours prior to the experiments described below.

To determine the levels of phosphorylated GRK7, cells were incubated with either 50 μM
forskolin and 1 mM isobutylmethylxanthine (IBMX), 100 nM phorbol myristyric acid
(PMA; a PKC activator), 100 nM 4-α-myristyric acid (an inactive analog of PMA), or 50
μM myristoylated PKC peptide inhibitor, in DME/F12 for 30 min at 37 °C in a humidified
CO2 incubator. After washing with PBS, the cells were solubilized in hot SDS-Laemmli
buffer (Laemmli 1970) containing 50 mM NaF as a phosphatase inhibitor. The samples were
heated at 95°C for 5 min, sheared with a 25G needle and centrifuged at 10,000g for 10 min
at room temperature to remove insoluble material. Samples were subjected to 10% SDS-
PAGE, followed by immunoblot analysis and visualization using the Odyssey Infrared
Imaging System (Licor Biosciences, Lincoln, NB).

For some experiments, cells treated with 50 μM forskolin and 1 mM IBMX as described
above were washed in PBS, then harvested with chilled 50 mM Tris-HCl, pH 7.5, 150 mM
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NaCl, 1% Triton-X-100 in the presence or absence of 50 mM NaF, as described in the
legend to Fig. 2B. Cell suspensions were lysed by rapid freeze/thaw in liquid nitrogen and
centrifuged at 4 °C for 20 min at 100,000g. After protein determination, 50 μg of cell lysate
were incubated with or without 600 units λ phosphatase (New England Biolabs, Ipswich,
MA) in buffer containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 20 mM MgCl2, 0.1 mM
EGTA, 2 mM DTT and 0.01% Brij 35 for 30 min at 30 °C. SDS-Laemmli buffer was added
to stop the reaction and aliquots were subjected to 10% SDS-PAGE followed by
immunoblot analysis.

For immunocytochemical analysis, HEK-293 cells were plated on 2.2 mm coverslips coated
with human fibronectin (BD Biocoat™ Cellware; BD Bioscience, San Jose, CA) and
transfected with Flag-tagged human GRK7 as described above. Two days post transfection,
cells were incubated with 50 μM forskolin and 1 mM IBMX in DME/F12 for 30 min at 37
°C in a humidified CO2 incubator. They were fixed in 2% paraformaldehyde/PBS for 30
min, rinsed 3 times in PBS, and permeabilized in PBS containing 0.05% saponin for 15 min.
The coverslips were rinsed again in PBS and incubated with anti-Flag (1:1,500) or anti-
pGRK7 (1:100) for 2 h at room temperature in PBS containing 0.05% saponin and 10% goat
serum. After rinsing in PBS, the coverslips were incubated with goat anti-mouse (conjugated
to AlexaFluor-594) or goat anti-rabbit (conjugated to AlexaFluor-488) secondary antibodies,
respectively, at a 1:2,000 dilution for 1 h, rinsed 3 times in PBS and mounted for
visualization by fluorescence microscopy. Images were acquired using a SPOT digital
camera (Diagnosic Instruments, Inc., Sterling Heights, MI) attached to a fluorescent
microscope (Nikon, Inc., Melville, NY). Exposure settings and post-imaging processing
with Adobe Photoshop were identical for all images.

Analysis of phosphorylated GRK7 in vertebrate retinas
All animals used in these studies were treated according to the guidelines established by the
Institutional Care and Use Committee for the University of North Carolina at Chapel Hill.
Frogs were maintained on a 14 h dark/10 h light cycle. For some experiments, frogs were
dark- or light-adapted, as described in the figure legends, prior to euthanasia with
benzocaine for 20 min and decapitation. For frogs sacrificed in the dark, retinas were
dissected under infrared light. Light-adapted frogs were exposed to a light intensity of
approximately 1,500 lux for the indicated times. These retinas were dissected under light
intensities ranging from 1,500 to 3,000 lux. In some experiments, retinas were immediately
homogenized in modified SDS-Laemmli buffer containing 12.5 mM Tris-HCl, pH 6.8, 4%
SDS, 20% glycerol and 100 mM NaF. The homogenate was heated for 3 min at 95 °C and
sheared with a 25 G needle. After centrifugation at 10,000g for 20 min at room temperature,
the supernatant was collected for protein determination. For immunoblot analysis, samples
were diluted 2-fold and reconstituted with β-mercaptoethanol and bromophenol blue
(Laemmli 1970). For other experiments, retinas were incubated ex vivo after removal in the
light or in the dark in the presence or absence of various pharmacological agents prior to
homogenization, as described in the figure legends.

For immunocytochemistry, eyes from pigs, frogs or zebrafish were removed from
euthanized animals, enucleated and fixed overnight at 4 °C in PBS (pH 7.5) containing 4%
paraformaldehyde. After washing 3 times in PBS, eyes were cryoprotected by sequential
incubation in PBS containing 10%, 20% and 30% sucrose, followed by embedding in OCT
and freezing in isopentane cooled by liquid nitrogen. Eyes were cryostat-sectioned at 10 μm.
Sections were dried overnight at 50 °C. For pig and zebrafish retinas, sections were
incubated in PBS containing 0.2% Triton-X-100 for 10 min at room temperature, rinsed 3
times in PBS, followed by incubation for 1 h at room temperature in blocking buffer
containing PBS, 5% goat serum, 5% BSA and 0.1% Triton-X-100. Sections were incubated
overnight at 4 °C with primary antibodies diluted in buffer containing PBS, 5% BSA and
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0.1% Triton-X-100, as described in the figure legends. Staining was visualized after washing
3 times in PBS containing 0.1% triton (PBST), followed by 3 washes in PBS and incubation
with fluorescent secondary antibody in antibody dilution buffer for 2 h at room temperature.
After 3 washes each in PBST and PBS, sections were mounted for visualization by
fluorescence microscopy. For Xenopus retina sections, samples were placed directly in
blocking buffer containing PBS, 5% goat serum, 5% BSA, 0.5% Triton-X-100 after drying
overnight. Subsequent procedures were identical to those described above, except that 0.5%
Triton-X-100 was used in the blocking and antibody dilution buffers. Images were collected
using a SPOT digital camera attached to a fluorescent microscope as described above. In
each experiment, the microscope and camera settings, as well as postimage processing using
Adobe Photoshop, were identical, allowing each set of images to be compared directly.

Results
Phosphorylation of GRK7 in cultured cells

Cyclic AMP levels are known to be regulated by light and play a role in circadian
fluctuations of physiological processes in vertebrate photoreceptor cells (Farber et al. 1981,
Cohen & Blazynski 1990, Weiss et al. 1995, Traverso et al. 2002, Green & Besharse 2004).
For example, cAMP has been implicated in light-dependent retinomotor movements in
lower vertebrates, photoreceptor cell disc shedding in mammals and transcriptional
regulation and the timing of the photoreceptor circadian clock (Yu et al. 2007). Despite the
critical nature of these findings, the molecular mechanisms are not well-characterized and
few substrates for PKA, the major effector for cAMP, are known. Previous work from our
laboratory demonstrated that GRK7 is phosphorylated on 3 serines in vitro (Fig. 1). There is
a single autophosphorylation site, Ser-490, in the carboxyl-terminal domain and 2 sites in
the amino-terminal domain, Ser-23 and Ser-36, that are phosphorylated by PKA in vitro
(Weiss et al. 1998, Horner et al. 2005). Ser-36 is conserved in GRK7 from all species
examined – including the 2 paralogs of X. laevis GRK7 reported here (see below) – and is
the major phosphorylation site observed both in vitro and in forskolin-treated HEK-293 cells
expressing GRK7 (Horner et al. 2005). An antibody that recognizes GRK7 phosphorylated
at Ser-36 (anti-pGRK7) was generated to define the conditions under which GRK7 is
phosphorylated in vivo.

To test the antibody’s specificity for phosphorylated GRK7, Flag-tagged GRK7 isolated
from transfected HEK-293 cells was phosphorylated in vitro by the catalytic subunit of PKA
and analyzed by immunoblot analysis (Fig. 2A). Preincubation of the antibody with the
corresponding phosphopeptide, but not the nonphosphopeptide, blocks recognition of GRK7
by this antibody, indicating that the antibody is highly specific for phosphorylated GRK7.
Interestingly, binding of anti-pGRK7 preincubated with phosphopeptide to
unphosphorylated GRK7 is dramatically lower than binding in the absence of
phosphopeptide (Fig. 2B). These results indicate that approximately 25% of the GRK7
isolated from HEK-293 was phosphorylated by an endogenous kinase, presumably PKA.

HEK-293 cells expressing Flag-tagged GRK7 were incubated with forskolin and IBMX for
30 min to raise cAMP levels. Under these conditions, the amount of phosphorylated GRK7
recognized by the anti-pGRK7 antibody increased approximately 3-fold (Fig. 2C). Only a
small increase (approximately 50%) was observed when cells were incubated with PMA, a
PKC activator. There was no observable effect of exposing cells to the inactive analog,
4αPMA, or a myristoylated PKC peptide inhibitor. When extracts from cells incubated with
forskolin and IBMX were treated with a broad-spectrum phosphatase, λ phosphatase,
phosphorylated GRK7 was no longer detected (Fig. 2D). Dephosphorylation of GRK7 was
blocked by the presence of NaF, a phosphatase inhibitor, in the cell extracts. These results
indicate that the major kinase in HEK-293 cells that phosphorylates GRK7 is PKA and that
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the anti-pGRK7 antibody can detect phosphorylated GRK7 in cells using immunoblot
analysis.

To determine whether anti-pGRK7 can detect phosphorylated GRK7 by
immunocytochemistry, HEK-293 cells expressing Flag-tagged GRK7 were treated with
forskolin and IBMX as described above. The cells were fixed and stained with the anti-Flag
and anti-pGRK7 antibodies to visualize GRK7 and phosphorylated GRK7, respectively (Fig.
3). While forskolin and IBMX had no effect on the levels of GRK7 detected using the anti-
Flag antibody (Figs. 3A vs. 3D), phosphorylated GRK7 levels were increased compared to
levels in untreated cells (Figs. 3B vs. 3E), as seen in the merged images (Figs. 3C vs. 3F).
These results demonstrate that anti-pGRK7 is effective for localizing and evaluating levels
of phosphorylated GRK7 by immunocytochemistry.

GRK7 is phosphorylated in vivo
Pig retinas are used as a model for human vision because the size of the eye and the rod/
cone density are similar (Prince et al. 1960, Gerke et al. 1995). Eyes from euthanized pigs
were enucleated, fixed and stained with anti-pGRK7 to determine the presence of
phosphorylated GRK7 (Fig. 4). The outer and inner segments of cones were both stained,
although staining is highest in the outer segment, consistent with the known distribution of
GRK7 using an antibody directed against pig GRK7 (Weiss et al. 2001). A phosphopeptide
corresponding to the epitope of the anti-pGRK7 antibody blocks the staining with GRK7,
whereas the nonphosphorylated peptide has no effect. These data demonstrate that
phosphorylated GRK7 is located in mammalian cones, in vivo.

The conservation of the consensus sequence for PKA phosphorylation at Ser-36 in a wide
range of species (Fig. 1) suggests that phosphorylation is also conserved and plays an
important role in the function of GRK7. To evaluate this hypothesis, we also analyzed the
phosphorylation of GRK7 in nonmammalian vertebrates. Unlike mammals, zebrafish GRK7
mRNA has been detected in brain and pineal gland, as well as in the retina (Rinner et al.
2005, Wada et al. 2006), suggesting that GRK7 could have functions in multiple neuronal
tissues in this fish. Immunocytochemical analysis of the zebrafish retina demonstrated
expression of GRK7 in all cone cell types (Wada et al. 2006). For our studies, zebrafish
were dark-adapted for 3 h prior to euthanasia to prevent the RPE from obscuring the view of
the cones (Hodel et al. 2006). The anti-pGRK7 antibody detected phosphorylated GRK7 in
all three cone cell types in dark-adapted zebrafish retinas – the short single cones, large
single cones and the double cones (Fig. 5) – indicating the functional conservation of GRK7
phosphorylation in fish.

The Xenopus laevis retina has served as a model for many aspects of vertebrate vision,
including development, phototransduction, circadian regulation, photoreceptor cell
physiology and trafficking (Anderson & Green 2000, Gabriel 2000, Rohlich & Szél 2000,
Witkovsky 2000, Green 2003, Adler & Raymond 2008). We cloned 2 paralogs of X. laevis
GRK7 (GRK7a and GRK7b), which were found to be 94% identical at the amino acid level.
This is due to a duplication of the Xenopus laevis genome that occurred approximately 20–
40 million years ago (Chain et al. 2008). In comparison, the 2 zebrafish GRK7 proteins,
zGRK7-1 and zGRK7-2 are only 73% identical at the amino acid level, suggesting their
duplication and divergence occurred much earlier. The average identity between the
XGRK7 paralogs and human GRK7 is 68%, whereas the average identity between human
and zebrafish GRK7 is 58–59%. The greater identity between human and frog GRK7
compared to zebrafish is consistent with the evolutionary distance reported for fish,
amphibians and mammals (Futuyama 1998). As described in the Materials and Methods, the
carboxyl-terminal sequence of XGRK7a was used to generate an antibody against Xenopus
GRK7 (anti-XGRK7) for the experiments described below.
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Frogs undergo retinomotor movements in the dark, resulting in elongation of the cones
towards the retinal pigment epithelium (RPE) (Anderson & Green 2000). To prevent the
outer segments from being obscured by melanin granules in the RPE, albino Xenopus frogs
were used for the following experiment. Cone outer segments were clearly stained with the
anti-XGRK7 antibody under both dark- and light-adapted conditions (Figs. 6A, 6F). When
frogs were dark-adapted overnight, the outer segments also stained with anti-pGRK7 (Fig.
6B), indicating that GRK7 is phosphorylated under these conditions. In contrast, cones in
the retinas from frogs that were light-adapted for 3 h were not visible with anti-pGRK7 (Fig.
6G). These data demonstrate that phosphorylation of GRK7 is regulated by light in Xenopus
cones. Regulation of GRK7 phosphorylation by light exposure was also measured by
immunoblot analysis. Frogs were dark-adapted overnight, then either euthanized
immediately or exposed to light for 3 hours prior to euthanasia. The retinas were removed
and subjected to immunoblot analysis using the anti-pGRK7 antibody (Fig. 7). The results
confirmed that phosphorylated GRK7 levels are higher in the dark compared to the light.

To determine the rates of phosphorylation and dephosphorylation in vivo, frogs were dark-
adapted overnight. When these frogs were exposed to light to determine the time course of
GRK7 dephosphorylation (Fig. 8A), phosphorylated GRK7 is reduced to background levels
within 1 h after light exposure. Dark-adapted frogs were light-adapted for 1 h, then placed
back in the dark. Within 1 hour, they recovered greater than 80% of the phosphorylation
level originally observed in the dark (Fig. 8B). Therefore, phosphorylation and
dephosphorylation are reversible within 60 min under these conditions.

Phosphorylation of GRK7 is controlled by cAMP in cones
We have shown that PKA phosphorylates GRK7 in vitro (Horner et al. 2005) and that
increasing cyclic nucleotide concentrations stimulate the phosphorylation of GRK7 in tissue
culture cells (Figs. 2 and 3). Both cAMP and cGMP are regulated by light in vertebrate
retinas. Therefore, it is very likely that phosphorylation is controlled by cyclic nucleotides
via PKA or PKG in vivo. To determine whether cyclic nucleotides do play a role in GRK7
phosphorylation, frogs were dark-adapted overnight, followed by exposure to light for 1 h to
reduce phosphorylated GRK7 to background levels prior to euthanasia. Retinas removed
from these frogs were incubated in forskolin and IBMX, which is predicted to raise the
levels of both cAMP and cGMP (Fig. 9A). The results demonstrate that phosphorylated
GRK7 does increase in frog retinas ex vivo under these conditions. Because either cyclic
nucleotide could be responsible for stimulating GRK7 phosphorylation, retinas removed
from light-adapted frogs were incubated in either IBMX, which potentially raises the levels
of both cyclic nucleotides by inhibiting their breakdown (Fig. 9B), or forskolin, which
directly stimulates adenylyl cyclase to synthesize cAMP (Fig. 9C). Since either forskolin or
IBMX elevates levels of phosphorylated GRK7, cAMP appears to be sufficient to increase
the level of phosphorylated GRK7. To confirm the role of cAMP, retinas were incubated
with 2 cell-permeant cyclic nucleotide analogs, dibutyryl cAMP and dibutyryl cGMP (Fig.
9D). Although dibutyryl cAMP is not as robust as either forskolin or IBMX, it does increase
the levels of phosphorylated GRK7, whereas dibutyryl cGMP does not. These results
implicate cAMP and its downstream kinase, PKA, in the phosphorylation of GRK7 in vivo.

DISCUSSION
The GRK7 gene is present in a diversity of vertebrates ranging from bony fish to mammals,
with the only known exceptions being rats and mice. These rodents appear to be unique in
having lost this gene during evolution, since related species, including chipmunks and
ground squirrels, do express GRK7 (Weiss et al. 1998, Weiss et al. 2001). The GRK7 gene
may be at least 400 million years old, based on evidence that bony fish diverged from its
common ancestor with cartilaginous fish more than 400 million years ago (Futuyama 1998).
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Interestingly, the sequence surrounding and including Ser-36, the PKA phosphorylation site,
is conserved throughout this evolutionary period, implying that phosphorylation of this
amino acid plays an important role in the function of the protein. Our previous studies
demonstrated that Ser-36 can be mutated to alanine without loss of enzyme activity,
suggesting that it does not play an essential structural or enzymatic role, but rather a
regulatory one (Horner et al. 2005). While we have not yet defined the consequences of
phosphorylation in vivo, our studies in vitro suggest that phosphorylation by PKA may
reduce the ability of GRK7 to phosphorylate its substrates (Horner et al. 2005). Studies in
multiple vertebrate species indicate that cAMP levels are high in the dark and decline in the
light in photoreceptor cells (Farber et al. 1981, Cohen & Blazynski 1990, Weiss et al. 1995,
Traverso et al. 2002). Therefore, we predicted that phosphorylation of GRK7 by PKA would
also be high in the dark and low in the light. This hypothesis is confirmed by the present
studies. In dim light or in the dark, when PKA activity is high, increased phosphorylation of
GRK7 would be predicted to reduce its activity, thereby increasing the amount and duration
of cone transducin activation by the cone opsins and contributing to enhanced sensitivity to
light. In contrast, under light-adapted conditions, PKA activity would be reduced, resulting
in reduced phosphorylation of GRK7, increased activity of this kinase and increased
phosphorylation of the cone opsins. Under these conditions, cone transducin activation
would be lower and of shorter duration, possibly contributing to light adaptation and to
protection of the retina from light damage.

Several proteins involved in phototransduction, including transducin, arrestin and recoverin,
are transported between the inner and outer segments in rod photoreceptors as a mechanism
of long-term light adaptation and protection against light damage (Sokolov et al. 2002, Nair
et al. 2005, Peterson et al. 2005, Calvert et al. 2006). In cones, both cone arrestin and cone
transducin have been shown to redistribute in response to light (Zhang et al. 2003a, Zhang et
al. 2003b, Elias et al. 2004, Chen et al. 2007, Rosenzweig et al. 2007), although this was not
observed in zebrafish (Kennedy et al. 2004). In contrast, GRK1 has not been reported to
change its location in rods in response to light in rats (Strissel et al. 2005), but redistribution
has been observed in the medaka fish for one of the GRK1 paralogs (Imanishi et al. 2007).
In the present report, we did not observe light-driven movement of GRK7 in frog cones.
These observations are consistent with the hypothesis that GRK7 is regulated directly by
PKA phosphorylation, rather than via translocation to a different cellular compartment.
Other potential consequences of GRK7 phosphorylation by PKA include regulation of its
stability and association with other proteins. For example, phosphorylation of phosducin by
PKA and CamKII prevents the binding of Gtβγ complex to phosducin and promotes the
binding of 14-3-3 protein (Nakano et al. 2001, Thulin et al. 2001, Lee et al. 2004). This
interaction with 14-3-3 is speculated to protect phosducin from proteosomal degradation or
alter its location within the photoreceptor cell (Thulin et al. 2001). Interestingly,
arylalkylamine N-acetyltransferase (AANAT), a rate-limiting enzyme in melatonin synthesis
in the pineal gland and the retina (Klein 2007), is phosphorylated by PKA in a circadian
fashion (Ivanova & Iuvone 2003), which also causes it to bind 14-3-3 protein (Ganguly et al.
2001, Pozdeyev et al. 2006), thereby blocking proteosomal degradation in the retina
(Pozdeyev et al. 2006) and the pineal gland (Gastel et al. 1998).

Although cGMP and cAMP are both regulated by light, our data indicate that it is cAMP
that induces the phosphorylation of GRK7. Forskolin alone, via stimulation of adenylyl
cyclase, is sufficient to elevate levels of phosphorylated GRK7 in light-adapted retinas ex
vivo. Likewise, the cell permeant cAMP analog, dbcAMP, but not dbcGMP, is effective at
stimulating GRK7 phosphorylation. Therefore, it is PKA, rather than PKG, that
phosphorylates GRK7. Previously, the only known mechanism for regulation of the retinal
GRKs was the binding of the Ca2+ sensor protein, recoverin, to GRK1 (Gorodovikova et al.
1994, Calvert et al. 1995, Chen et al. 1995), although the influence of this interaction on
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signaling downstream of the photoreceptor cells is still being debated (Makino et al. 2004,
Sampath et al. 2005). Recent studies in frogs indicate that GRK7 is able to bind the
amphibian cone ortholog, S-modulin (Tachibanaki et al. 2005, Torisawa et al. 2008). We
also find that bovine recoverin binds human GRK7 in vitro (M. Kapur, S. Osawa and E. R.
Weiss, unpublished observations). Whether phosphorylation by PKA affects recoverin
binding is presently unknown.

Our data indicate for the first time that cAMP can regulate the phosphorylation of proteins
involved in cone phototransduction. We have shown that GRK7 is phosphorylated by PKA
in vivo in both lower and higher vertebrates. The conservation of Ser-36 phosphorylation
among these species is highly suggestive of its importance for GRK7 function. Otherwise, it
is unlikely that this sequence would have been preserved for over 400 million years
(Budovskaya et al. 2005). Phosphorylation is high in the dark and low in the light, consistent
with changes in cAMP levels that occur in nature. These results illustrate a novel mechanism
for light-mediated regulation of GRK7 in response to changing levels of cAMP that occur
upon light- and dark-adaptation. Future studies will address the influence of phosphorylation
on the photoresponse and cone cell physiology. Other interesting questions that remain to be
addressed include the signaling pathways that regulate cAMP fluctuations in response to
light and circadian rhythm. Given that cAMP has been found mainly in inner segments in
rods and cones (Vaquero et al. 2001, Traverso et al. 2002), the association of PKA with
specific substrates that are localized mainly in the outer segment, remains to be determined.
Answers to these and other questions regarding the control of GRK7 and other substrates of
PKA in vivo will help refine our knowledge of how cAMP modifies photoreceptor
responses to light.
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Fig. 1. Conservation of Ser-36 in vertebrate GRK7 orthologs
Serines phosphorylated by PKA in vitro (Ser-23 and Ser-36) and the autophosphorylation
site (Ser-490) are marked with asterisks (*). RH, RGS Homology Domain; Caax,
isoprenylation motif; GS, ground squirrel; X. laev, Xenopus laevis; ZF, zebrafish, Medaka,
medaka fish.
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Fig. 2. Elevated cAMP increases phosphorylated GRK7 in HEK-293 cells
(A) Immunoblot analysis comparing the binding of the anti-pGRK7 antibody to purified,
Flag-tagged human GRK7 phosphorylated by PKA (+) and untreated (−). The blots were
incubated with a 1:2,000 dilution of the anti-pGRK7 antibody preincubated overnight with
no peptide, phosphopeptide or nonphosphopeptide at a 10-fold excess by weight, as
described in the Materials and Methods. The experiment contains duplicate samples and is
representative of 2 independent experiments.
(B) Two independent experiments, including the one shown in (A), were analyzed using the
Odyssey imaging system and demonstrates that the binding of anti-pGRK7 is specific for
phosphorylated GRK7. Error bars represent the range between the two independent
experiments.
(C) HEK-293 cells expressing GRK7 were treated with 50 μM forskolin (FSK) and 1 mM
IBMX, 100 nM phorbol myristyric acid (PMA), 100 nM 4-α-myristyric acid (4αPMA), or
50 μM myristoylated PKC peptide inhibitor (MyrInhib), for 30 min at room temperature.
Cell extracts were analyzed by immunoblotting using the anti-pGRK7 and anti-Flag
antibodies at 1:2,000 and 1:10,000, respectively.
(D) HEK-293 cells were treated with 50 μM FSK and 1 mM IBMX for 30 min. Cell extracts
were prepared with (+) or without (−) 50 mM NaF, a phosphatase inhibitor, then incubated
with or without 600 units λ phosphatase (λ Ptase) for 30 min as described in the Materials
and Methods, and subjected to immunoblot analysis using the same antibody dilutions as
described in (C).
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Fig. 3. Immunocytochemical detection of phosphorylated GRK7 in HEK-293 cells
Cells were incubated in the absence (A, B, C) or presence (D, E, F) of 50 μM FSK and 1
mM IBMX for 30 min. Cells were stained simultaneously with anti-Flag (A, D) and anti-
pGRK7 (B, E) antibodies at 1:1,500 and 1:100, respectively. Panel C represents the merging
of images A and B. Panel F represents the merging of images D and E.
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Fig. 4. Detection of phosphorylated GRK7 in cones of pig retinas stained with anti-pGRK7
Anti-pGRK7 was preincubated at a 1:25 dilution overnight at 4 °C in the absence of peptide
(upper panel), or with a 10-fold excess by weight of the phosphopeptide (middle panel), or
the nonphosphopeptide (lower panel), followed by incubation with sections as described in
the Materials and Methods. COS, cone outer segments, CIS, cone inner segments, ONL,
outer nuclear layer.
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Fig. 5. Detection of phosphorylated GRK7 in 3 layers of cones of dark-adapted zebrafish retina
using anti-pGRK7. Zebrafish were dark-adapted for 3 h prior to euthanasia and preparation of
eyes for immunohistochemistry as described in the Materials and Methods
Left panel: anti-pGRK7 (1:100).
Right panel: zebrafish retina stained with hematoxylin and eosin.
DC, double cones; LSC, long single cones; SSC, short single cones.
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Fig. 6. Phosphorylated GRK7 in cones of dark- and light-adapted Xenopus frogs
Frogs were dark-adapted overnight, then euthanized and the eyes removed under infrared
illumination (A–E) or light-adapted for 3 hours before euthanasia and removal of the eyes
(F–J). Retinas were stained with anti-XGRK7 (1:200; A, F), or anti-pGRK7 (1:250; B, G)
directly conjugated to Alexa Fluor 488 or 555, respectively. Nonspecific antibodies were
used at equivalent concentrations to visualize background staining (D, E and I, J). Figs. C
and H represent the merging of images A and B or F and G, respectively. White arrows
indicate a few examples of cone outer segments, where most of the GRK7 appears to be
localized.
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Fig. 7. Phosphorylation of GRK7 on Ser-36 is regulated by light in Xenopus retinas
Dark adaptation elevates levels of phosphorylated GRK7 in Xenopus retinas in vivo. Four
frogs were dark-adapted overnight. Frogs 1 and 2 were euthanized and the retinas removed
under infrared illumination. Frogs 3 and 4 were exposed to light for 3 hours before
euthanasia. Each dissected retina was immediately homogenized and protein concentration
was determined as described in the Methods. Twenty-five μg of protein extract was
subjected to SDS-PAGE and immunoblotting with anti-pGRK7 (1: 2,000) and anti-XGRK
(1:1,000). L, left eye; R, right eye.
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Fig. 8. Timing of phosphorylation and dephosphorylation
(A) Frogs were dark-adapted overnight, followed by exposure to light for 0, 0.5, 1, 2 and 3-
hour intervals before euthanasia. Retinas were removed and prepared for immunoblot
analysis as described in the Materials and Methods.
(B) Frogs were dark-adapted overnight, exposed to light for 1 h, then placed in the dark for
varying periods of time before euthanasia and processing of the retinas for immunoblot
analysis. The white horizontal bar represents the period of light exposure and the black
horizontal bar represents the period of dark adaptation.
Each sample represents 25 μg of retina homogenate. Error bars represent the average of
duplicate samples.
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Fig. 9. GRK7 phosphorylation is regulated by cAMP
(A) Frog retinas were incubated for 30 min in the light without (−) or with (+) forskolin
(FSK) and IBMX. At the end of the incubation, retinas were homogenized and subjected to
immunoblot analysis as described in the legend to Fig. 7.
(B) Frogs were exposed to light for 1 h prior to euthanasia. Retinas were removed and
exposed to light for 30 min in the absence (−) or presence (+) of IBMX.
(C) Frogs were dark-adapted overnight or light-adapted for 1 h, then euthanized. Retinas
were incubated in the light or the dark with (+) or without (−) forskolin for 1 h.
(D) Frogs were exposed to light for 1 h before euthanasia. Retinas were incubated in the
light in the presence or absence of dbcAMP or dbcGMP for 30 min.
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