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Phosphorylation at Serine 21 in G protein-coupled receptor
kinase 1 (GRK1) is required for normal kinetics of dark adaption
in rod but not cone photoreceptors

Alexander V. Kolesnikov?!, Jared D. Chrispell?, Shoji Osawa?, Vladimir J. Kefalovl, Ellen R.
Weiss?

1Department of Ophthalmology and Visual Sciences, Washington University School of Medicine,
Saint Louis, MO, USA

2Department of Cell Biology and Physiology, The University of North Carolina, Lineberger
Comprehensive Cancer Center, Chapel Hill, NC, USA

Abstract

Timely recovery of the light response in photoreceptors requires efficient inactivation of
photoactivated rhodopsin. This process is initiated by phosphorylation of its carboxyl terminus by
G protein-coupled receptor kinase 1 (GRK1). Previously, we showed that GRK1 is phosphorylated
in the dark at Ser21 in a cAMP-dependent manner and dephosphorylated in the light. Results in
vitro indicate that dephosphorylation of Ser21 increases GRK1 activity, leading to increased
phosphorylation of rhodopsin. This creates the possibility of light-dependent regulation of GRK1
activity and its efficiency in inactivating the visual pigment. To address the functional role of
GRK1 phosphorylation in rods and cones in vivo, we generated mutant mice in which Ser21 is
substituted with alanine (GRK1-S21A), preventing dark-dependent phosphorylation of GRK1.
GRK1-S21A mice had normal retinal morphology, without evidence of degeneration. The function
of dark-adapted GRK1-S21A rods and cones was also unaffected, as demonstrated by the normal
amplitude and kinetics of their responses obtained by ex vivo and in vivo ERG recordings. In
contrast, rod dark adaptation following exposure to bright bleaching light was significantly
delayed in GRK1-S21A mice, suggesting that the higher activity of this kinase results in enhanced
rhodopsin phosphorylation and therefore delays its regeneration. In contrast, dark adaptation of
cones was unaffected by the S21A mutation. Taken together, these data suggest that rhodopsin
phosphorylation/dephosphorylation modulates the recovery of rhodopsin to the ground state and
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rod dark adaptation. They also reveal a novel role for cAMP-dependent phosphorylation of GRK1
in regulating the dark adaptation of rod but not cone photoreceptors.
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11 INTRODUCTION

Rhodopsin activation in vertebrate rod photoreceptors triggers a canonical G protein-coupled
receptor (GPCR) signaling cascade similar to that of most other GPCRs. Activation by a
single photon of light induces a conformational change in rhodopsin that allows it to activate
its G protein, transducin, which, in turn, activates PDE6, a phosphodiesterase that
hydrolyzes cGMP, thereby shutting down cGMP-gated cation channels in the rod cell
membrane.12 Light-activated rhodopsin is also a substrate for GRK1, a G protein-coupled
receptor kinase found in all vertebrate rods examined to date, with the exception of snakes,
and in many vertebrate cones®’ (for review, see Ref. 8). Phosphorylation of visual pigment
by GRK1 partially blocks its activity and induces the binding of arrestin, which completely
blocks the pigment interaction with transducin and prevents downstream signaling.®10 The
phosphorylation of rhodopsin and cone opsin by GRK1 is modulated by recoverin, a
calcium-binding protein that suppresses the phosphorylation of the pigment by GRK1 in
high calcium, thus prolonging its activity and increasing the sensitivity of photoreceptors to
dim light.11.12

Dark adaptation is typically defined as the ability to regain photosensitivity after bright light
stimulation, which, in the case of rods, is very slow, requiring 1-3 hours.1314 In both rods
and cones, dark adaptation requires regeneration of the bleached visual pigment, a process
that involves the dephosphorylation of the opsins, the release of all-trans-retinal from the
pigment, and the binding of fresh 11-cis-retinal following its recycling.1>17 Recently, it has
been shown that both rhodopsin and the M-cone pigment are dephosphorylated by protein
phosphatase 2A (PP2A), allowing them to reset to their ground state in a timely fashion and
respond to another photon.18

To allow photoreceptors to revert to their dark-adapted state after exposure to bright
bleaching light, additional factors may also modulate the lifetime and recovery of the visual
pigment after photoactivation. We previously determined that Ser21 in GRK1 and Ser36 in
GRK?7 (a cone opsin kinase; Refs. 3, 19, 20) are cAMP-dependent phosphorylation sites.?!
Photoreceptor cAMP levels are high in the dark and low in the light.22:23 Phosphorylation of
GRK1 and GRKY7 at these residues was also high in the dark and low in the light in vivo,
24,25 with light-mediated dephosphorylation of GRK1 occurring independent of
phototransduction.2> Biochemical studies have shown that phosphorylation at the amino-
terminus by cAMP-dependent protein kinase (PKA) decreases the activity of these GRKSs,
making them less effective at phosphorylating rhodopsin.?! Thus, the efficiency of rhodopsin
inactivation and regeneration could potentially be modulated by the dark/light- and cAMP-
dependent phosphorylation of GRK1. Although no biochemical studies have been performed
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with cone opsins so far, a similar GRK1-dependent regulation could potentially exist in
mammalian cones, including in species whose cones lack GRK?7, such as rat and mouse.2%
In the present report, we have used a genetically engineered GRK1-S21A mouse in which
the amino acid Ser21, the cAMP-dependent phosphorylation site in GRK1 in vivo,2® has
been substituted by alanine. We used these mice to determine the role of GRK1
phosphorylation at Ser21 in modulating the function of rod and cone photoreceptors. Our
results demonstrate that the S21A substitution in GRK1 does not affect phototransduction in
dark-adapted mouse rods and cones in response to dim or saturating flashes. However, the
ability of GRK1-S21A rods to dark-adapt following a nearly complete pigment bleach was
markedly suppressed, suggesting that phosphorylation of GRK1 at Ser21 helps to modulate
the resetting of rhodopsin to its ground state and the dark adaptation of rods. In contrast,
cone dark adaptation was normal in mutant mice indicating the lack of a regulatory effect of
GRK1 phosphorylation on cone opsin regeneration.

21 MATERIALS AND METHODS

2.11 Antibodies

A polyclonal antibody (anti-pGRK1), that specifically recognizes phosphorylation of GRK1
at Ser21, was generated by 21st Century Biochemicals (Marlboro, MA).25> A monoclonal
antibody (D11) that recognizes GRK1 was purchased from Affinity Bioreagents (Rockford,
IL). A rabbit polyclonal antibody against holo-transducin (Gy) was a gift from Dr. Gary L.
Johnson (The University of North Carolina at Chapel Hill, NC). A monoclonal anti-actin
antibody was purchased from MilliporeSigma (St. Louis, MO). Secondary antibodies
AlexaFluor goat anti-rabbit 1gG and IRDy3800 goat anti-mouse 1gG were purchased from
ThermoFisher (Waltham, MA).

2.21 Mice

C57Bl6/J, B6.C-Tg(CMV-cre)1Cgn/J, and C57BL/6N-PRX-B6N mice were obtained from
Jackson Laboratories (Bar Harbor, ME). The GrkZ™~ mice were a gift from Dr Ching-Kang
Chen (Baylor College of Medicine). The generation of the GRK1-Ser21A knock-in mice is
described in the Results section. For all cone physiological experiments, GRK1-S21A-
Gnatl™~ animals and their littermate GRK1-WT-Gnatl™~ controls were generated by
crossing GRK1-S21A mice with the rod transducin a-subunit knockout (GnratZ™~) mouse
line lacking rod phototransduction.2’

2.31 Western blot and outer nuclear layer thickness analysis

For western blot analysis, wild-type C56BI/6J, Grk1™~, and GRK1-S21A mice raised in
cyclic light were dark-adapted overnight. Then mice were either exposed to 1500 lux of
white light for 1 hour or maintained in the dark. Mice were euthanized in the light or in the
dark by cervical dislocation and the eyes enucleated for removal of the retinas. The eyes
were placed in HEPES-Ringer buffer consisting of 10 mM HEPES, pH 7.5, 120 mM sodium
chloride, 0.5 mM potassium chloride, 0.2 mM calcium chloride, 0.2 mM magnesium
chloride, 0.1 mM EDTA, 10 mM glucose, and 1 mM DTT.2528 Retinas from light exposed
mice were removed from eye cups in the light using a conventional dissection microscope.
Alternatively, retinas from mice maintained in the dark were removed under dim red light
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using an infrared dissection microscope.2> For homogenization, each retina was placed in
100 pL of HEPES-Ringer buffer, followed by the addition of 150 pL of buffer consisting of
125 mM Tris-HCI, pH 6.8, 5% SDS, 20% glycerol, and 100 mM NaF preheated to 95°C.
The mixture was homogenized for 20 s with a motorized pestle, heated for 3 minutes at
95°C, then sheared with a 25-guage needle. After centrifugation at 10 000¢g for 10 minutes at
25°C to remove insoluble material, the supernatant was collected for protein determination
and analyzed by SDS-PAGE. Each lane contained 25 g of retinal lysate. For western blot
analysis, the gel was transferred to nitrocellulose and the membrane incubated for 1 hour in
Odyssey Blocking Buffer (Licor Biosciences, Lincoln, NE), then incubated overnight at 4°C
with the following primary antibodies: anti-pGRK1 (1:1000), anti-GRK1 (1:10 000), anti-
actin, (1:5000), and anti-transducin (1:2500). Secondary antibodies IRDye800 (goat anti-
mouse IgG) and AlexaFluor 680 (goat anti-rabbit 1gG) were both used at 1:10 000.

For quantitative analysis of the outer nuclear layer (ONL) thickness, wild-type and GRK1-
S21A mice were euthanized with 100 mg/kg ketamine. The chest was dissected to expose
the heart and the mouse was perfused with 4% paraformaldehyde followed by cervical
dislocation. Eyes were enucleated and placed in a solution of 2% glutaraldehyde, 2%
paraformaldehyde, 50 MM MOPS and 0.05% CaCl, (w/v), pH 7.2 overnight. The eyes were
transferred to PBS, then incubated in 2% osmium tetroxide in 0.1% cacodylate buffer (0.1
M, pH 7.3) for 90 minutes at room temperature. After rinsing twice in cacodylate buffer for
15 minutes, the eye cups were dehydrated through a series of ethanol concentrations for 15
minutes at each concentration (50%, 70%, 80%, 90%, 95%, and twice in 100% ethanol).
Dehydration was followed by two 15-min incubations in propylene oxide. Eye cups were
incubated overnight under vacuum in a 1:1 mixture of propylene oxide and epon812, then
transferred to 100% epon812 for 6 hours at 65°C, followed by embedding overnight at 65°C
under vacuum. Eye cups were sectioned at 0.5 pm using a Leica-Reichert Ultracut
microtome and stained with 1% methylene blue. Imaging of whole retina sections was
performed using tile scanning and capture with a Nikon Ti2 inverted microscope (Nikon,
Tokyo, Japan). The width of the ONL was measured in sections cut through the optic nerve
at 500-um steps from the optic nerve head (ONH) using Image J.2° For statistical analysis,
multiple unpaired ¢tests with Holm-Sidak's comparison correction were performed using
GraphPad Prism (La Jolla, CA).

2.41 Exvivo rod recordings from isolated mouse retinas

Mice were dark-adapted overnight and sacrificed by CO» asphyxiation. The whole retina
was removed from each mouse eyecup under infrared illumination and stored in oxygenated
aqueous L15 (13.6 mg/mL, pH 7.4) solution (Sigma-Aldrich) containing 0.1% BSA, at room
temperature. The retina was mounted on filter paper with the photoreceptor side up and
placed in a perfusion chamber3? between two electrodes connected to a differential
amplifier. The tissue was perfused with bicarbonate-buffered Ames medium (Sigma-
Aldrich) supplemented with 40 uM DL-2-amino-4-phosphonobutyric acid to block
postsynaptic components of the photoresponse,3! and with 100 uM BaCl;, to suppress the
slow glial P11l component.32 The perfusion solution was continuously bubbled with a 95%
0,/5% CO, mixture and heated to 36-37°C.
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The photoreceptors in the retina were stimulated with 20-ms test flashes of calibrated 505
nm LED light. The light intensity was controlled by a computer in 0.5 log unit steps.
Intensity-response relationships were fitted with the following Naka-Rushton hyperbolic
functions:

n
Rmax - 1
= ————— for raw data, or

=

n

R R = 17 for normalized data,
max "y,

where Ris the transient-peak amplitude of the rod or cone response, Rmax is the maximal
response amplitude, /is the flash intensity, 77is the Hill coefficient (exponent), and /; is the
half-saturating light intensity. Photoresponses were amplified by a differential amplifier
(DP-311, Warner Instruments), low-pass filtered at 300 Hz (8-pole Bessel), and digitized at
1 kHz. Data were analyzed with Clampfit 10.4 and Origin 8.5 software.

2.51 Invivo electroretinography (ERG)

Dark-adapted mice were anesthetized with an intraperitoneal injection of a mixture of
ketamine (100 mg/kg) and xylazine (20 mg/kg). Pupils were dilated with a drop of 1%
atropine sulfate. Mouse body temperature was maintained at 37°C with a heating pad. ERG
responses were measured from both eyes by contact corneal electrodes held in place by a
drop of Gonak solution (Akorn). Full-field ERGs were recorded with a UTAS BigShot
apparatus (LKC Technologies) using Ganzfeld-derived test flashes of calibrated green 530
nm LED light.

Rod a-wave fractional flash sensitivity (Sp was calculated from the linear part of the
intensity-response curve, as follows:

A
Sf_Amax'I’

where A is the rod a-wave dim flash response amplitude, Amay is the maximal response
amplitude for that eye (determined at 23.5 cde m~2), and /is the flash strength. Similarly,
cone b-wave flash sensitivity () in control (Gnat1™") and GRK1-S21A-Gnat1™~ mice
were determined after normalization of the dim flash response to the maximal b-wave
amplitude obtained with the brightest white light stimulus from the Xenon Flash tube (700
cde m~2). The b-wave measurements were used for all cone in vivo ERG recordings because
of the very small magnitude of the cone a-wave in these conditions. The sensitivity of rods
or cones was first determined in the dark. To monitor the postbleach recovery of rod ERG
Amax and rod Sror cone Sy, the bulk (>90%) of respective visual pigment was bleached with
a 35-s exposure to 520 nm LED light focused at the surface of the cornea. The bleached
fraction was estimated from the following equation:

Fel—eo=1-PoD),
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where Fis the fraction of pigment bleached, ¢is the duration of the light exposure (s), /is the
bleaching light intensity of 520 nm LED light (1.3 x 108 photons pm~2 s71), and Pis the
photosensitivity of mouse photoreceptors at the wavelength of peak absorbance (5.7 x 1079
um? for mouse rods33; and 7.5 x 102 um? for mouse cones®#). Mice were re-anesthetized
every 30-40 minutes with a lower dose of ketamine (~1/2 of the initial dose) and a 1:1
mixture of PBS and Gonak solutions was gently applied to their eyes with a plastic syringe
to protect them from drying and maintain electrode contacts.

2.5.11 Statistics—For all experiments, data were expressed as mean + SEM and
analyzed with the independent two-tailed Student's #test (using an accepted significance
level of P<.05).

31 RESULTS
3.11 Generation of GRK1-S21A mice

GRK1-S21A knock-in mice were generated by homologous recombination in C57BL/6N ES
cells. A gene targeting vector was constructed by recombineering using a BAC clone
containing the full-length mouse gene for GRK1 (Figure 1A). The targeting vector included
a mutation of serine 21 to alanine in exon 1 and a /oxP-flanked PGK-Neomycin resistance
cassette in intron 1 (Figure 1B). The targeting vector was electroporated into C57BL/6N-
PRX-B6N ES cells and clones were screened by PCR and Southern blot analysis. The
presence of the S21A mutation was confirmed in clones by PCR amplification and digestion
with Sfol, a novel restriction enzyme site created by the mutation. Correctly targeted cells
were injected into C57BL/6-albino blastocysts for chimera formation. Chimeras were mated
to C57BL/6-albino animals for germline transmission of the targeted allele. Insertion of the
mutant DNA into the germline was further validated by PCR screening. Positive mice were
mated to a Cre deleter line, B6.C-Tg(CMV-cre)1Cgn/J, to remove the floxed Neocassette.
Finally, the resulting line containing the S21A mutation was backcrossed to homozygosity
and crossed into C57BI/6J mice to ensure the absence of the rd8 mutation.

3.21 Analysis of GRK1 phosphorylation in wild-type and GRK1-S21A mice

We began our analysis by determining how the S21A mutation of GRK1 affects the
expression level and phosphorylation of this enzyme. All mice were dark-adapted overnight,
then either exposed to light or maintained in the dark as described in the Methods. Retinas
from light-exposed or dark-adapted wild-type mice and retinas from GrkZ™~ animals were
analyzed by western blot analysis using antibodies recognizing GRK1 phosphorylated at
Ser21 (anti-pGRK1) or total GRK1 (D11) to determine the levels of GRK1 phosphorylation
under these different conditions (Figure 2A). Phosphorylation of GRK1 was high in dark-
adapted control retinas and low in light-adapted retinas, as expected. A faint band was
detected in the light-adapted retinas, which we speculate could be the result of weak cross
reactivity between the anti-pGRK1 antibody and GRK1, based on the absence of this band
in GRK1-deficient mice (Reprinted from Ref. 25; see Figure Legend). The S21A point
mutation resulted in elimination of GRK1 phosphorylation at that site in the dark (Figure
2B). Notably, the control and GRK1-S21A retinas had very similar amounts of total GRK1,
indicating that the S21A mutation does not affect the expression level of GRK1 in
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photoreceptors. In addition, all three subunits of rod transducin were detected at similar
levels in the two mouse strains (Figure 2C). We also compared the thickness of the outer
nuclear layers in the wild-type and mutant mice to determine whether the GRK1-S21A
animals undergo retinal degeneration (Figure 3). No thinning of the outer nuclear layer at
any retinal location was observed in 4-month-old GRK1-S21A mice compared with their
age-matched controls by microscopy (Figure 3A,B) or measuring the width of the ONL
(Figure 3C), except at the very superior edge of the sections. Therefore, mutating GRK1 to
block its phosphorylation at Ser21 did not affect its expression or cause detectable retinal
degeneration. This allowed us to perform a comprehensive physiological analysis of the
GRK1-S21A mice to determine the functional role of Ser21 phosphorylation of GRK1 in
mammalian rods.

3.3 1 Phototransduction in rods of GRK1-S21A mice

To investigate whether the S21A mutation in GRK1 affects the phototransduction cascade in
mouse rods and their physiological function, we performed transretinal ERG recordings
from dark-adapted animals in the presence of synaptic blockers (Figure 4). If the lack of
GRK1 phosphorylation caused by this mutation generates a highly active form of the
enzyme, an increased fraction of rhodopsin may remain phosphorylated in GRK1-S21A
rods, possibly even after overnight dark adaptation. As phosphorylated rhodopsin is less
efficient in activating the phototransduction cascade,3® this would be expected to lower its
amplification and reduce the sensitivity of dark-adapted GRK1-S21A rods.

In agreement with the normal density of mutant rods and the well-preserved structure of
their outer segments, retinas from dark-adapted control and GRK1-S21A mice produced
saturated responses of comparable amplitudes, around 600 pV (Figure 4A,B). The fractional
dim flash responses of GRK1-S21A retinas were of essentially identical amplitude to those
from controls (Figure 4C). In addition, their Kinetics were also comparable, with average
time-to-peak values of 131 and 132 ms, respectively (Figure 4C). Notably, both
phototransduction activation, measured from the rising phase of the dim flash response, and
its inactivation were unaffected by the S21A mutation in GRK1 (Figure 4C). The recovery
following saturating flashes was also normal in GRK1-S21A mice, as evident from the
similar shapes of their maximal responses at identical strengths of stimulating light (Figure
4D). Finally, the rod photosensitivity of mutant animals was also normal after overnight dark
adaptation (Figure 4E,F).

Together, these results indicate that the presence of a highly active S21A mutant form of
GRK1 in mouse rods does not affect their overall health and does not compromise their
signaling under dark-adapted conditions. The normal dark-adapted sensitivity of mutant rods
also indicates that their visual pigment is dephosphorylated after overnight dark adaptation,
similar to wild-type rods.

3.41 Suppressed rod dark adaptation in GRK1-S21A mice

The results above clearly demonstrate that the S21A mutation in GRK1 does not affect the
function of rods under dark-adapted conditions. We next investigated, with in vivo ERG
recordings, whether enhanced rhodopsin phosphorylation by the more active mutant GRK1
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modulates the dark adaptation of mouse rods. It is well established that the dark adaptation
of rods in vivo is generally driven by the decay of photoactivated rhodopsin and its
subsequent regeneration with fresh 11-c/s-retinal supplied by the retinal pigment epithelium
(RPE) through the visual cycle. The kinetics of rod dark adaptation were measured by
monitoring the recovery of rod ERG a-wave amplitude and dim flash sensitivity after
exposure to bright light that nearly completely (>90%) bleached the rod pigment.

We first recorded rod-driven scotopic ERG responses in the dark and found that their
waveforms and maximal amplitudes were comparable in control mice (317 £ 9 pV, n = 16)
and animals with the S21A mutation in GRK1 (298 + 15 uV, n = 15, £<.05) (Figure 5A,
bottom traces). The dark-adapted photosensitivities (a-wave) were similar in the two mouse
lines (1.5 + 0.05 m2cd 1571 vs 1.6 + 0.04 m2cd=1s1, P< .05). Mutant rods also transmitted
their signaling to ON-bipolar cells normally, as demonstrated by the comparable ERG b-
waves in wild-type and GRK1-S21A mice. These findings are consistent with the data
obtained with transretinal recordings (Figure 4) and indicate the normal function of GRK1-
S21A rods in dark-adapted conditions.

To determine the possible role of GRK1 phosphorylation in modulating dark adaptation, we
briefly exposed the mice to bright light to bleach >90% of the rhodopsin. Immediately after
bleaching, rods in both wild-type and GRK1-S21A mutants generated barely detectable
ERG a-wave responses that were desensitized by almost 3 log units (Figure 5A; second
traces from the bottom). Photoresponses in both lines then gradually recovered over the
following period of dark adaptation (Figure 5A, top three traces). The recovery of the
averaged maximal ERG a-wave amplitude to a saturating flash intensity (Amayx) in control
rods could be described by a single exponential function with a time constant of 14.0 + 0.8
minutes (n = 16), and its level by 75 minutes after the bleach was ~81% of the pre-bleach
value (Figure 5B, black symbols). Although mutant rods also demonstrated robust recovery
from the bleach, the rate of dark adaptation (17.3 + 0.9 minutes, n = 15) was decreased
compared to that of control rods, and the maximal response amplitude 75 minutes after the
bleach reached only ~69% of control rods in the dark (Figure 5B, red symbols). A similar
suppression of dark adaptation was observed in the recovery of rod-driven ERG a-wave
sensitivity (S, see Methods for definition) following the same bleach (Figure 5C).

Taken together, these results clearly demonstrate that the point mutation S21A in GRK1
causes a delay in the recovery of efficient rod signaling and rhodopsin regeneration after
exposure to bright light. Thus, phosphorylation of GRK1 at this residue is important for
timely dark adaptation of mouse rods. Although the final relative level of postbleach
response recovery was ~12% lower in mutant mice, the slow trend in its rescue suggests that
the photosensitivity would reach the same level as that in wild-type animals after overnight
dark adaptation, as measured by transretinal ERG recordings (Figure 4C,D).

3.51 Cone phototransduction and dark adaptation in GRK1-S21A mice

It has been established previously that unlike many other mammals which express both
GRK1 and GRKY in their cone photoreceptors, mouse cone cells solely express GRK1 (see
Ref. 36 for review). To determine whether the S21A mutation in GRK1 also affects the
phototransduction cascade in mouse cones and their signaling, we carried out ex vivo ERG
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recordings from dark-adapted animals derived on the GnatZ™~ background. The lack of the
transducin a-subunit eliminates the rod component of the light response in these mice
without affecting cone morphology or function.2” Our analysis was limited to M cones,
which can be selectively stimulated with visible green light.

Recordings from isolated retinas in the presence of postsynaptic blockers revealed that under
dark-adapted conditions the flash responses of M-cones from GRK1-S21A mice had
amplitudes (Figure 6A,B), kinetics (Figure 6C, and its inset showing saturated responses),
and sensitivity (Figure 6D) comparable to those of M-cone responses from control animals.
Thus, as in the case of rods, the S21A mutation in cone-expressed GRK1 did not affect the
overall health or phototransduction in these photoreceptors. Surprisingly, however, ERG
recordings from live animals showed that M-cone dark adaptation (estimated from the
recovery of cone ERG b-wave flash sensitivity) after a near complete bleaching of cone
visual pigment was essentially normal in the mutant mice (Figure 6E). These findings imply
that, in contrast to the case in rods, GRK1-Ser21 phosphorylation/dephosphorylation does
not modulate the resetting of M-cone pigment during cone dark adaptation.

41 DISCUSSION

In the present report, we tested the hypothesis that modulation of GRK1 activity by
reversible light/dark-dependent phosphorylation at Ser21 regulates the kinetics of recovery
of mammalian retinal photoreceptors from exposure to bright light and is required for their
timely dark adaptation in vivo. We generated mice in which alanine was substituted for the
amino acid Ser21, the cAMP-dependent phosphorylation site in GRK121 (Figure 1).
Mutating GRK1 to block cAMP-dependent phosphorylation at Ser21 did not affect the
expression levels of GRK1 or the G protein transducin in mouse rods (Figure 2) and did not
cause detectable retinal degeneration up to 4 months of age (Figure 3). We then determined
that dark-adapted GRK1-S21A mutant mice displayed similar rod photoresponses as their
wild-type counterparts, as measured by transretinal ERG (Figure 4). In striking contrast, rod
dark adaptation after a bleach activating approximately 90% of rhodopsin was significantly
delayed in rods expressing the mutant GRK1 (Figure 5), indicating that phosphorylation at
Ser21 in GRK1 in wild-type animals normally leads to faster recovery of the pigment's
ground state. However, mutant rods appeared to gradually recover photosensitivity to their
normal pre-bleach level in the absence of the phosphorylated form of GRK1. The presence
of a fraction of phosphorylated rhodopsin would reduce the efficiency of subsequent
activation of the phototransduction cascade3® and lower the sensitivity of mouse rods.14
Therefore, the observed normal sensitivity in fully (overnight) dark-adapted mutant rods
(Figure 4C) implies that pigment dephosphorylation by PP2A18 and regeneration are
completed within several hours in the dark even in GRK1-S21A mutant rods. Quantitative
time-resolved rhodopsin phosphorylation analysis is not triviall® and future experiments will
seek to confirm directly the effect of the S21A mutation of GRK1 on the kinetics and level
of rhodopsin phosphorylation following exposure to bright light and during subsequent dark
adaptation. However, our earlier experiments in vitro demonstrated that GRK1
phosphorylated at Ser21 slowed rhodopsin phosphorylation, which would be expected to
lead to faster recovery of rod sensitivity in vivo, and the S21A mutant enhanced rhodopsin
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phosphorylation,2! which would be predicted to slow the recovery. These results are
consistent with our observations in the present study.

It should be noted that the amount of rhodopsin activated by a single, even saturating, test
flash in our experiments is rather low (~0.001% of the total pigment content per average
mouse rod). Therefore, both wild-type GRK1, whose level in mouse rods constitutes
~2%-3% of that of the entire rhodopsin content,3” and the more active GRK1-S21A,21
whose amount is comparable to that in control cells (Figure 2), are expected to have
sufficient capacity to phosphorylate photoactivated pigment under these conditions.
Moreover, it is well established that rhodopsin phosphorylation is normally not the rate-
limiting step in recovery of the photoresponse in mouse rods.38 Thus, relatively moderate
(less than 50%) differences in pigment phosphorylation rates in GRK1-S21A vs.
phosphorylated wild-type GRK12! are not expected to produce a significant effect on the
time course of photoresponse inactivation, as confirmed by our results. This is in contrast to
the situation when 3- to 12-fold overexpression of wild-type GRK1 significantly accelerated
the recovery phase of both dim flash and saturated responses in mouse rods.3940 Qverall,
these findings are consistent with the emerging evidence that the GRK1-dependent
modulation of rhodopsin's lifetime and/or phosphodiesterase activity becomes noticeable
only at certain levels or activity of the enzyme in mouse photoreceptors. Although this
modulation does not affect the function of rods in dark-adapted conditions, it becomes
significant after exposure to bright bleaching light during the subsequent pigment
regeneration and dark adaptation. As a result, the GRK-dependent modulation of rhodopsin
appears as a mechanism that accelerates the recycling of the pigment and the dark adaptation
of rod photoreceptors.

Cyclic AMP-dependent phosphorylation of wild-type GRK1 in the dark is comparatively
slow, taking on the order of 10-20 minutes to approach 80% completion in vivo.25
Therefore, the ability of wild-type GRK1 to phosphorylate rhodopsin may be decreasing
progressively over the recovery time course as GRKL1 is slowly phosphorylated, thereby
reducing its activity and increasing the ability of rods to dark-adapt after extensive bleaching
of their visual pigment (Figure 5). The mechanism by which phosphorylation at Ser21 in
GRKT1 increases phosphorylation of rhodopsin is unknown. However, it is interesting to note
that the first 19 amino acids of GRKZ1, which are disordered and therefore not visible in the
crystal structure, are proposed to form an a-helix that interacts with and stabilizes the kinase
domain in the presence of rhodopsin.#42 Crosslinking studies suggested that the amino-
terminal domain is important for activation of GRK1.43 Therefore, it is possible that
phosphorylation at Ser21 affects the stability, and therefore the level of activity, of the kinase
domain. One important future line of investigation is the mechanism by which GRK1 is
dephosphorylated in the presence of light, specifically the enzyme responsible for this
reaction and the mechanism of its modulation by light.

Interestingly, our previous work demonstrated that elevated phosphorylation of rhodopsin in
the absence of the major catalytic subunit of protein phosphatase 2A (PP2A) resulted in a
reduced rate of dark adaptation after a full rhodopsin bleach in intact mouse eyes.18 The
time constant for recovery of the scotopic ERG a-wave during dark adaptation was nearly
twofold larger in PP2A-Ca-deficient mice compared to controls,® indicating a 50%
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decrease in the rate of rod responsiveness during recovery. In our present study, performed
on animals with a somewhat different genetic background, the time constant for recovery of
the scotopic ERG a-wave for the GRK1-S21A mice during dark adaptation following a
similar pigment bleach was 17.3 £ 0.9 minutes compared to 14.0 £ 0.8 minutes for the wild-
type animals, indicating a 24% decrease in the rate of rod dark adaptation. The
approximately two times smaller difference in the recovery time constant between the
control and GRK1-S21A mice in the current report suggests that the presence of PP2A may
partially negate the effect of the more active kinase in the GRK1-S21A mice and strengthens
the hypothesis that the phosphorylation status of rhodopsin plays an important role in
photoreceptor dark adaptation. In support of this idea, a recent study demonstrated that the
lack of rhodopsin phosphorylation in GRK1-deficient mouse rods moderately accelerated
the thermal decay of the long-lived, inactive rhodopsin photoproduct, Meta I11, and speeded
up the regeneration of free opsin with exogenous 11-cis-retinal .16 Furthermore, the same
study reported faster dark adaptation in rods of GrkZ*'~ mice, which express GRK1 at ~30%
of wild-type levels. Together, these findings strongly suggest that the reduced rate of the
recovery of the dark pigment state in GRK1-S21A mice may be due to slower chromophore
release from the hyperphosphorylated bleached photopigment, thus suppressing the
recycling of opsin back to rhodopsin by regeneration with 11-c/s-retinal in the final step of
the RPE-driven visual cycle.

Finally, it is well known that the visual pigment regeneration and dark adaptation of human,
mouse, and other mammalian species’ cones proceeds with substantially faster kinetics than
that in their rod counterparts (reviewed in 13). It has been established that the combined
action of the RPE and intraretinal (Mller cell-driven) visual cycles is required for the rapid
and complete dark adaptation of vertebrate cones in vivo.** Furthermore, our recent work
has demonstrated that, as in mouse rods, dephosphorylation of opsin by PP2A after exposure
to intense bleaching light controls the process of dark adaptation of M-cone photoreceptors
as well.18 Because the biochemical characterization of the regulation of cone dark adaptation
is currently unfeasible due to the scarcity of cones in the mouse retina,*> we applied the
same physiological approaches to address the question of whether a similar regulatory
mechanism through phosphorylation at Ser21 in GRK1 potentially exists in these cells.
Using transretinal ERG recordings, we found that, as in the case of rods, dark-adapted
GRK1-S21A mutant mice had cone photoresponses identical to those in their respective
control animals (Figure 6A-D). Surprisingly, however, M-cone dark adaptation after a nearly
complete pigment bleach was unaffected by the GRK1 mutation (Figure 6E), thus indicating
that phosphorylation at Ser21 in GRK1 is not essential for the rapid recovery of at least this
type of cone pigment's ground state in mice.

For convenience, all our cone recordings were performed with mice lacking the rod
transducin a-subunit (Gnat1™"), which allows for isolation of the cone photoresponse. As
this subunit is not found in cones, and cone phototransduction appears to be normal, 34 it is
unlikely that its absence would influence cone function, including cone pigment
dephosphorylation and cone adaptation. Notably, using this method Kolesnikov et al found
that the deletion of PP2A in cones delays their dark adaptation similarly to the effect in rods.
18 Although we cannot absolutely rule out the possibility that a signal transmitted via gap
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junctions between rods and cones could influence cone dark adaptation via GRK1 in the
GnatI™~ mice, we have no evidence to propose such a hypothesis.

The reason for the lack of GRK1 phosphorylation-dependent regulation of visual pigment
recycling in cone photoreceptors is unclear. It has been shown that GRK1 is necessary for
timely inactivation of phototransduction in mouse cones 6 and it might be present at higher
levels in these cells, as compared to rods.8 However, cones could also potentially express a
higher compensatory amount of total PP2A and/or other opsin phosphatases than rods.
Notably, it has been demonstrated previously that the dephosphorylation of cone opsin in
vertebrates proceeds significantly faster than that of rhodopsin.4”+48 Furthermore, a very
rapid thermal decay of photoactivated cone pigment*%:50 would quickly reduce the efficiency
of its subsequent interactions with GRK1 within the first several seconds of dark adaptation
and thus minimize the overall effect of kinase activity on the following cone opsin
regeneration with 11-cis-retinal. These are important issues for further investigation.

In summary, our results demonstrate a role for cAMP-dependent phosphorylation of GRK1
in modulating the kinetics of rod dark adaptation in the mammalian retina. Although rod and
cone response recovery after dim and saturating flashes was similar between GRK1-S21A
and control animals, the dark adaptation of rods (but not M-cones) following exposure to
bright light was significantly delayed in the mutant mice due to the presence of a more
active kinase. Similar to the results from studies in PP2A deletion mice,8 phosphorylation
at Ser21 in GRK1 appears to play an important role in the recovery of the dark state of the
photopigment in rod photoreceptors.
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FIGURE 1.

Strategy for generation of the GRK1-S21A mutant mouse. A, Genomic clone of wild-type
Grk1. Green arrows represent areas covered by the vector homology arms (long arrow is the
5" arm, short arrow is the 3 arm). Orange arrows indicate the positions of exons 1 and 7,
respectively. The other exons are represented by blue bars. B, Generation of the mutant
S21A-GRK1 allele. The wild-type locus is shown on top. An expanded view of the first two
exons is shown in the middle containing the Ser21Ala (521A) mutation and a PKG-neo
cassette with /oxPsites on either end. The lower panel shows the entire targeted allele with
the S21A mutation, the PKG-neo cassette and the 7 exons
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FIGURE 2.

Characterization of the GRK1-S21A mouse. A, Western blot analysis of retinas from 4- to 5-
month-old wild-type and GRK1 knockout (GrkZ™~) mice. Wild-type mice raised in cyclic
light were dark-adapted overnight, then either exposed to 1500-lux light for 1 hour or and
maintained in the dark. The light-exposed mice were euthanized in the light and the mice
maintained in the dark were euthanized under dim red light and their retinas removed for
western blot analysis. GrkZ™~ mice were raised in the dark and retinas prepared under
infrared light. The blot was incubated with anti-pGRKZ1 (red) or anti-GRK1 (green)
antibodies. These data were originally published in the Journal of Biological Chemistry
©The American Society for Biochemistry and Molecular Biology (Ref. 25). B, Western blot
analysis of retinas from 4- to 5-month-old control and GRK1-S21A mice. Mice were dark-
adapted overnight, euthanized in the dark and retinas removed for Western blot analysis. The
blot was incubated with anti-pGRKZ1 (red) and anti-GRK1 (green) antibodies. C, Western
blot analysis was performed on retinas from 4- to 5-month-old wild-type and GRK1-S21A
mice using a polyclonal antibody that recognizes all three subunits of rod transducin (red),
anti-pGRK1 (green), and a monoclonal antibody directed against actin (green)
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FIGURE 3.
Comparison of the outer nuclear layer (ONL) width in 4-month-old wild-type and GRK1-

S21A mice. Eyes were enucleated, fixed, and sectioned as described in the Methods section.
Microscopy images from control (A) and GRK-S21A mouse (B) retinas were compared and
found to be very similar. C, The width of the ONL was measured at 500 um intervals from
the optic nerve head (ONH). No differences were identified except at the superior edge of
the section, where there was a small but significant difference between wild-type and GRK1-
S21A mice. **P< .01 (n = 6 for each genotype; error bars represent SEM). GCL, ganglion
cell layer; INL, inner nuclear layer; IS, inner segments; OS, outer segments
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FIGURE 4.

Ex vivo rod ERG responses of wild-type and GRK1-S21A mice. A, Representative family of
rod responses from wild-type mouse retina. Test flashes of 505 nm light with intensities of
0.5, 1.4, 4.8, 14, 33, 114, 392, and 1188 photons pm~2 were delivered at time 0. B,

Representative family of rod responses from GRK1-S21A mouse retina. Test flashes of 505
nm light had the same intensities as in A. C, Kinetics of rod phototransduction activation and
inactivation in control and GRK1-S21A mice. Population-averaged (mean £ SEM) dim flash
responses to test stimuli of 4.8 photons um=2 (n = 10 for each line) were normalized to
maximal response amplitudes (Rmax) Of respective retinas. D, Comparison of saturated rod
responses from WT and GRK1-S21A animals. Population-averaged (mean + SEM)
responses to test stimuli of 1188 photons um=2 (n = 10 for each strain) were normalized to
Rmax Of respective retinas. E, Averaged rod intensity-response functions (mean = SEM) for
wild-type (n = 10) and GRK1-S21A (n = 10) retinas. Points were fitted with hyperbolic
Naka-Rushton functions (see Methods). F, Normalized averaged rod intensity-response
relationships (mean + SEM) for wild-type (n = 10) and GRK1-S21A (n = 10) retinas. Naka-
Rushton fits yielded half-saturating intensities (/12) of 22 and 24 photons pm=2 for wild-
type and GRK1-S21A animals, respectively
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FIGURE 5.
Suppressed rod dark adaptation in GRK1-S21A mice. A, Representative scotopic ERG

responses in the dark (dark-adapted [DA], bottom) and at four indicated time points after
bleaching >90% of the rod pigment in wild-type (left) and GRK1-S21A (right) mice. For
each time point, Anax vValues were normalized to their corresponding pre-bleach dark-
adapted value (Ayna°?). B, Recovery of scotopic ERG maximal a-wave amplitudes (Amay;
mean + SEM) after bleaching >90% of rhodopsin in wild-type (n = 16) and GRK1-S21A (n
= 15) mice. Bleaching was achieved by a 35-s illumination with bright 520-nm LED light at
time 0. Averaged data points were fitted with single exponential functions yielding time
constants of 14.0 £ 0.8 and 17.3 £ 0.9 minutes for wild-type and S21A-GRK1 mice,
respectively. Final levels of response recovery by 75 minutes postbleach determined from
exponential fits were 81% (wild-type) and 69% (GRK1-S21A). (C) Recovery of scotopic
ERG a-wave flash sensitivity (S; mean + SEM) after bleaching >90% of rod pigment in
wild-type (n = 16) and GRK1-S21A (n = 15) mice. SPA designates the sensitivity of dark-
adapted rods. Animals and experimental conditions were the same as in B
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FIGURE 6.

Physiological characterization of M cones in control and GRK1-S21A mice and their dark
adaptation. A, Representative family of cone responses from control (GRK1-WT-Gnatl™")
mouse retina. Test flashes of 505 nm light with intensities of 705, 2.4 x 103, 7.0 x 103, 1.7 x
104, 5.7 x 104, 2.0 x 105, and 6.0 x 10° photons pum~2 were delivered at time 0. B,
Representative family of cone responses from GRK1-S21A-Gnatl™~ mouse retina. Test
flashes of 505 nm light had the same intensities as in A. C, Kinetics of cone
phototransduction in control and GRK1-S21A mice. Population-averaged (mean £ SEM)
dim flash responses to test stimuli of 7.0 x 103 photons pm~2 (n = 11 for each line) were
normalized to maximal response amplitudes (Rmnax) Of respective retinas. The inset shows
the comparison of saturated cone responses from control and GRK1-S21A animals.
Population-averaged (mean + SEM) responses to test stimuli of 6.0 x 10° photons pm™2 (n =
11 for each strain) were normalized to R« Of respective retinas. D, Averaged cone
intensity-response functions (mean = SEM) for control and GRK1-S21A (n = 11 for each
line) retinas. Naka-Rushton fits yielded half-saturating intensities (/) of 3.3 x 104 and 3.2
x 104 photons um=2 for control and GRK1-S21A animals, respectively. E, Recovery of
photopic ERG b-wave flash sensitivity (S; mean £ SEM) in vivo in control (n = 20) and
GRK1-S21A (n = 16) mice after bleaching >90% of cone pigment at time 0 with 520 nm
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LED light. SPA designates the sensitivity of dark-adapted cones. At all times, there was no
statistical significance of the data between control and mutant mice (P> .05)
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