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Abstract Melanopsin-based phototransduction is involved
in non-image forming light responses including circadian
entrainment, pupil constriction, suppression of pineal
melatonin synthesis, and direct photic regulation of sleep
in vertebrates. Given that the functions of melanopsin
involve the measurement and summation of total envi-
ronmental luminance, there would appear to be no need
for the rapid deactivation typical of other G-protein
coupled receptors. In this study, however, we demon-
strate that heterologously expressed mouse melanopsin is
phosphorylated in a light-dependent manner, and that this
phosphorylation is involved in regulating the rate of
G-protein activation and the lifetime of melanopsin’s
active state. Furthermore, we provide evidence for light-
dependent phosphorylation of melanopsin in the mouse
retina using an in situ proximity ligation assay. Finally,
we demonstrate that melanopsin preferentially interacts
with the GRK2/3 family of G-protein coupled receptor
kinases through co-immunoprecipitation assays. Based
on the complement of G-protein receptor kinases present
in the melanopsin-expressing retinal ganglion cells,
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Introduction

As the largest superfamily of membrane proteins, G-pro-
tein coupled receptors (GPCRs) are involved in diverse
signaling processes. Upon activation, GPCRs bind and
activate heterotrimeric G-proteins, typically leading to the
activation of a second messenger signaling cascade. In
most systems, GPCR activity is rapidly attenuated fol-
lowing activation in a process termed desensitization or
deactivation. This attenuation is typically accomplished by
phosphorylation of the carboxy-terminal tail of the receptor
by a member of the GPCR kinase (GRK) family of serine/
threonine kinases. Phosphorylation serves to reduce the
activation rate of G-proteins by as much as 70-80% [1],
and the phosphorylated region serves as a recognition and
activation site for the cytoplasmic protein, arrestin. Binding
of arrestin to the GPCR’s cytoplasmic loops leads to
complete quenching of receptor activity, and can also lead
to internalization of the receptor. Furthermore, GPCR-
bound arrestin can serve as a scaffold for the binding of
other proteins, leading to the activation of other G-protein
independent signaling cascades (reviewed in [2—6]).

@ Springer


http://dx.doi.org/10.1007/s00018-011-0891-3

1552

J. R. Blasic et al.

Opsins, which mediate light detection in metazoans,
make up one of the most extensively studied groups within
the GPCR superfamily. Melanopsin is a member of the
opsin family found in intrinsically photosensitive retinal
ganglion cells (ipRGCs) in vertebrate retinas. Melanopsin-
based phototransduction is responsible in part for non-image
forming light responses including circadian photoentrain-
ment, pupil constriction, suppression of pineal melatonin
synthesis, and direct photic regulation of sleep [7, 8].
Melanopsin differs from other vertebrate opsins in that
its sequence exhibits greater homology to rhabdomeric
photopigments typically involved in invertebrate photo-
transduction than to other vertebrate ciliary opsins, and
mounting evidence suggests that melanopsin may also use
a more rhabdomeric type of signal transduction cascade,
which typically employ a Gq/G11-based pathway leading
to the activation of PLC and a transient receptor potential
channel [9-11]. The onset of the melanopsin-based light
response is sluggish compared to that seen in rods or cones,
and the kinetics of deactivation are much slower [12]. This
raises questions of whether the general mechanism of
vertebrate GPCR deactivation is applicable to melanopsin-
based signaling, and how melanopsin activity is quenched.
These questions achieve greater relevance as melanopsin-
based gene therapy is being investigated as a treatment for
blindness caused by degeneration of the outer retina, and
the extended deactivation kinetics of melanopsin remain a
major obstacle to achieving adequate temporal resolution
[13]. Here we provide evidence that melanopsin is phos-
phorylated in a light-dependent manner both in vivo and in
vitro, and that this phosphorylation is involved in temporal
control of the melanopsin-based light response in a heter-
ologous expression system.

Materials and methods
cDNA constructs

In all experiments except those in Fig. 6, the long isoform
of wild-type mouse melanopsin (Accession # AF147789)
was used. This gene has not been modified with any added
epitope. The gene for mouse melanopsin (OPN4), which
had been tagged with the last eight amino acids of bovine
rhodopsin (1D4 tag), was used only in the experiments in
Fig. 6.

Immunoblotting
Two retinas from a single C57BL/6 mouse were dissected
from eye cups and extracted by triturating in 200 pl of

PBS, containing 1% dodecyl maltoside (RPI, Mount
Prospect, IL), 1 mM phenylmethylsulfonylfluoride (PMSF;
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Sigma-Aldrich, St. Louis, MO), and 1 mM DTT (Fisher
Scientific, Pittsburg, PA). An aliquot (10 pl) of the total
retinal lysate was dissolved in Laemmli sample buffer
(Bio-Rad, Hercules CA) and electrophoresed on a 10%
SDS-polyacrylamide gel (120 V, 1 h). Gel-separated pro-
teins were transferred to a PVDF membrane (Millipore,
Billerica, MA) via tank transfer in Tris/glycine buffer
(100 V, 1 h on ice). PVDF membranes were incubated in
0.5% I-block (Applied Biosystems, Foster City, CA) in
10 mM Tris—Cl (pH 7.4), containing 0.1% Tween-80. Blots
were probed with antibodies specific for each member of
the GRK family (GRK 1, 2, 3, 4, 5, and 6; Santa Cruz
Biotech, Santa Cruz, CA) (1:500) and visualized by
chemiluminescence using alkaline phosphatase-linked
secondary antibody (AP-linked goat anti-rabbit IgG; Pro-
mega, Madison, WI) and Attophos (Promega, Madison,
WI).

RT-PCR

RT-PCR was performed on total RNA from a single
C57BL/6 mouse retina. RNA was purified using a
MACHEREY-NAGEL kit (Bethlehem, PA). RT-PCR was
performed with One Step RT-PCR kit (Qiagen, Valencia,
Ca) as previously described [14] with gene-specific primers
for all five GRKSs present in the mouse genome (sequences
are listed in Table 1 in Supplement).

RT-PCR was also performed on single melanopsin-
expressing retinal ganglion cells. Briefly, individual mela-
nopsin-expressing RGCs were obtained following
dissociation of two mouse retinas with collagenase IV
(Roche, Indianapolis, IN). Melanopsin-expressing cells
were labeled using a custom-made anti-melanopsin N-ter-
minal antibody (Covance, Denver, PA; Walker et al. [40])
and visualized with a secondary antibody conjugated to
Alexa Fluor 488 (Invitrogen, Carlsbad, CA). Cells were
diluted and allowed to settle onto nitrocellulose filters.
Using a fluorescent microscope, single labeled cells were
excised and placed immediately in 100 pl lysis buffer
containing guanine thiocyanate from the Absolute RNA
nanopure kit (Stratagene, La Jolla, CA). This suspension
was subsequently used to isolate the RNA. RT-PCR was
performed as described above.

Development of a stable mammalian cell line
expressing melanopsin

The gene for mouse melanopsin (OPN4), which had been
appended with the last eight amino acids of bovine rho-
dopsin (1D4 tag) and inserted into the expression vector
pMT3 [14], was modified by PCR to contain flanking Kpn I
and Not I sites. These restriction enzymes were used to
clone the melanopsin-1D4 gene into a similarly digested
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pMCV-tetO vector (gift from P. Reeves) containing a tet-
racycline-regulated CMV promoter. This vector was
transfected by calcium phosphate precipitation into a
modified HEK-293 cell line, which constitutively expresses
the tetracycline repressor protein. Geneticin selection was
used to create a stable cell line [15]. Expression of mela-
nopsin-1D4 was induced in ten plates with 2 pg/ml
tetracycline and 5 mM sodium butyrate, as previously
described for rhodopsin [15]. Cells were harvested 48 h
after induction.

Construction of a mouse melanopsin mutant lacking all
potential carboxy-terminal phosphorylation sites
(phospho-null melanopsin)

Site-directed mutagenesis was used to create a unique Kpn
I site by introducing a silent mutation at position 993(G-A)
in the nucleic acid sequence of the wild-type mouse mel-
anopsin cDNA. Flanking Kpn I and Not I sites were used to
insert a synthetic DNA duplex (Integrated DNA Technol-
ogy, Coralville, IA), which matched the coding sequence of
mouse melanopsin (positions 990-1,566) except that all
serine and threonine residues were converted to alanines.

In vitro phosphorylation assay

Membrane extracts from HEK-293 cells, which had been
transiently transfected with the mouse melanopsin gene,
were fractionated and isolated on a 30% sucrose gradient
[16]. Melanopsin concentration was determined by quan-
titative dot blot. Phosphorylation was determined using an
in vitro kinase assay protocol modified from Benovic et al.
[17]. Membranes containing approximately 250 pmol of
melanopsin or phospho-null melanopsin were reconstituted
with 20 uM 11-cis-retinal (gift of R. Crouch) at 4°C for 1 h
in 100 pl of buffer containing 20 mM Tris—Cl, 7.5 mM
MgCl,, and 2 mM EDTA. HEK-293 cell membrane prep-
arations were shown to contain endogenous GRK2, GRKS,
and GRK®6, so no exogenous kinase was added. Membrane
samples were centrifuged at 14,000 rpm for 5 min, and the
pellets were resuspended in 50 pl of kinase buffer con-
taining 500 yM ATP, 1 mM GTP, 1 mM DTT, 1 mM
PMSF, and 1-2 pCi of ATP-y-32P (Perkin-Elmer, Wal-
tham, MA). Melanopsin-containing membranes that were
not reconstituted with 11-cis-retinal served as a negative
control. Membranes were placed on ice and exposed to
bright white light for 30 min. Duplicate samples were
kept in the dark as a control, and membranes containing
phospho-null melanopsin were assayed in parallel. Phos-
phorylation was measured by the incorporation of *?P as
measured in triplicate using a filter-binding assay [14].
Filter-bound **P was determined by scintillation counting
in a LC6500 multi-scintillation counter (Beckman Coulter,

Fullerton, CA) using Biodegradable Counting Scintillant
(Amersham Biosciences, Piscataway, NJ).

In situ proximity ligation assay

For experiments with heterologously expressed melanop-
sin, HEK-293 cells were transiently transfected with DNA
encoding wild-type melanopsin, seeded onto poly-lysine-
coated coverslips 24 h post-transfection, and grown again
overnight. Cells were incubated with 20 uM 11-cis-retinal
for 1 h, and fixed in ice-cold 4% PFA in the dark, or after a
10-min incubation in the light. For experiments with
endogenous melanopsin, mice were dark-adapted overnight
and killed either under dim red light or after a 15-min
incubation in room light. Retinas were fixed in ice-cold 4%
PFA for 2 h, cryoprotected in 30% sucrose, embedded in
OCT, and sectioned at 16 pm on a cryostat. Melanopsin-
expressing cells or retinal sections were permeabilized in
PBS containing 0.3% Triton-X, and blocked in PBS con-
taining 0.3% Triton-X and 10% normal goat serum. Cells
were probed with anti-melanopsin C-terminal antibody
(1:100) (Thermo Scientific, Cat #PA1-781) and anti-phos-
phoserine (1:100) (Sigma-Aldrich, St. Louis, Mo, Cat#
P5747) or anti-phosphotyrosine (1:100) (Sigma-Aldrich,
St. Louis, Mo, Cat# P18669). Specificity of the anti-mel-
anopsin C-terminal antibody has been previously shown
[18], and was confirmed by Western blot on wild-type
and melanopsin knockout mice (data not shown). The
anti-phosphoserine and phosphotyrosine antibodies are
purified mouse monoclonal antibodies that are specific
for phosphoserine or phosphotyrosine as indicated by
the manufacturer. Duolink (Olink Biosciences, Uppsala,
Sweden) in situ proximity ligation assays (PLA) were
performed according to the manufacturer’s protocol. The
PLA assay is used to determine the proximity of two epi-
topes to one another using antibodies specific for each
epitope. Antibodies against the carboxy tail of melanopsin
and against phosphoserine or phosphotyrosine were used.
Secondary antibodies conjugated with oligonucleotide
linkers are then added. If the primary antibodies bind in
close enough proximity (<40 nm), then the oligos are able
to anneal together and form a piece of circular DNA. This
circle can then be amplified by a polymerase using rolling
circle amplification to produce a concatemer of single
stranded copies of the DNA. Fluorescently labeled oligo-
nucleotide probes are then added that are specific for the
DNA that was amplified, resulting in a single fluorescent
spot. This spot will appear only if the primary antibodies
were bound in close enough proximity. This assay has been
used to detect the in vivo phosphorylation of proteins [25,
26]. PLA probes were diluted in 0.1% Triton X-100/PBS/1%
fetal calf serum and incubated in a pre-heated humidity
chamber for 1 h at 37°C, followed by hybridization,
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ligation, amplification, and detection. Nuclei were visual-
ized with a DAPI stain that was included in the Duolink kit.
Fluorescence was visualized by confocal microscopy (TCS
SP5 Leica Microsystems, Wetzlar, Germany).

G-protein activation assay

Membrane preparations as described above were also used
to determine the effect of phosphorylation on the rate of
G-protein activation using a procedure modified from
Newman et al. [14]. In this experiment, the GTPV3SS was
replaced with fluorescently tagged GTPyS (Bodipy FL (Ex
490) Invitrogen, Carlsbad, CA). When free in solution, the
Bodipy fluorescence is quenched by the electron rich
guanine ring and increases in fluorescence upon binding
the G-protein [42]. To determine the effect of melanopsin
phosphorylation on the rate of G-protein activation, mela-
nopsin-containing membranes reconstituted with 11-cis-
retinal were pre-incubated in the light for 5 min in the
presence or absence of 1 mM ATP. Assays were performed
in kinase buffer as described above. After pre-incubation in
light, GTPyS-BodipyFL and purified bovine transducin
(previously described in [19]) were added to a final con-
centrations of 2 uM and 1 uM respectively. Samples were
rapidly mixed in a 96-well plate, and fluorescence was
measured on a Tecan Infinite M200 microplate reader
(Tecan Group Ltd., Minnedorf, Switzerland) in triplicate.
The rate of transducin activation was calculated from the
slope of the average fluorescence increase per unit time
using Microsoft Excel (Microsoft, Bellevue, WA). The
authors are aware that transducin is not melanopsin’s
cognate G-protein. The exact identity of melanopsin’s
cognate G-protein has not been definitively identified,
although it is most likely in the Gq family. We have used
transducin in these assays as an indicator of melanopsin
activation. This assay has been previously used for mela-
nopsin, mGluR-6, and the o, adrenergic receptor [14, 20,
21].

Kinetic measurements of melanopsin activity based
on fluorescent Ca*"-imaging

HEK-293 cells were transfected with full-length, wild-type,
or phospho-null C-tail mouse melanopsin cDNA in the
pMT3 expression vector using Lipofectamine plus per the
manufacturer’s instructions (Invitrogen, Carlsbad, CA).
Cells were allowed to grow 24 h post transfection and then
released from the plate with 0.25% trypsin (Invitrogen),
counted, and re-plated for fluorescent Ca>*-imaging at a
density of 8 x 10* cells per well in a 96-well plate with a
clear bottom and black walls (BD, San Jose, CA). Twenty-
four hours after re-plating, cells were washed two times
with Hank’s balanced salt solution (HBSS) plus 20 mM
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HEPES, pH 7.4, and subsequently incubated in HBSS/
HEPES, supplemented with 4 uM Fluo-4 (Molecular
Probes, Eugene, OR), 0.02% pluronic acid (Invitrogen,
Carlsbad, CA), and 20 uM 11-cis-retinal. The 11-cis-retinal
was dissolved in ethanol at a concentration of 2 mM and is
added at a dilution of 1/1,000 in the dark. After the addition
of 11-cis-retinal, the HEK-293 cells were placed in a
modified incubator that allows them to be kept in the dark.
Since expressed melanopsin is localized to the plasma
membrane of the HEK-293 cells the addition of the chro-
mophore is able to reconstitute the visual pigment.
Fluorescent measurements were performed on a Tecan
Infinite M200 microplate reader (Tecan Group Ltd.,
Minnedorf, Switzerland) (EX 485 nm, EM 520 nm), sam-
pling at a rate of 1 Hz for 60 s. The intensity of the light
flash is according to manufacturer specifications. The pro-
cedure was modified from Zhang et al. [22]. The
background fluorescence was subtracted to account for
variations in transfection efficiency and dye loading.

RNAIi experiments

HEK-293 cells were transfected with siRNA directed
against GRK2 and GRK3 using the N-TER nanoparticle
siRNA transfection system (Sigma-Aldrich, St. Louis,
MO). For each gene two Mission siRNAs (Sigma-Aldrich,
St. Louis, MO) targeting different parts of the gene were
used (GRK2: Sasl HsO1 00039322 and Sasl Hs02
00332179. GRK3: Sasl Hs02 0039102 and Sasl HsOl
0025367). The cell penetrating peptide N-TER was mixed
with the two oligos for each gene per the manufacturer’s
instructions. N-TER-siRNA nanoparticles were added to
cells seeded into a 96-well plate already transfected with
melanopsin as described above. Final concentration of each
siRNA oligo in the well was 25 nM.

Crosslinking co-immunoprecipitation

The procedure was adapted from Hasabi et al. [23]. One
plate of an induced stable cell line expressing melanopsin-
1D4 was washed twice with 5 ml DMEM without serum,
and then incubated in the dark at 37°C for 1 h in 5 ml of
DMEM supplemented with 50 puM 11-cis-retinal. After
reconstitution with 11-cis-retinal, 500 pl of 25 mM dithi-
obis (succinimidyl propionate) (DSP; Pierce, Rockford, IL)
was added to each plate, which was immediately placed
under bright white light and incubated with gentle rocking
for 30 min at room temperature. After two washes with
PBS, cells were harvested, flash frozen on dry ice, and
stored at —80°C. After thawing, cells were lysed in 1% DM
in PBS with 1 mM PMSF on a rotating wheel at 4°C for
1 h. The lysate was centrifuged at 14,000 rpm for 5 min,
and the supernatant was removed and added to an anti-1D4
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antibody column (Amersham Bioscience, Piscataway, NJ)
and incubated overnight at 4°C. The following morning,
beads were washed three times with lysis buffer and twice
with 0.1% DM in PBS. Following the final wash, the beads
were resuspended in PBS containing 1 mM PMSF and
50 mM DTT and incubated at 37°C for 1 h to reverse
cross-linking. After centrifugation, the supernatant was
removed for immunoblot analysis with antibodies specific
for GRK2, GRK3, GRKS5, and GRK6 (Santa Cruz Biotech,
CA).

Immunohistochemistry

Whole eyes were removed from C57BL/6 mice and fixed
in 4% PFA. The anterior segment and lens were removed,
and the eye cups were cryoprotected with 30% sucrose.
Tissue was then embedded in OCT and sectioned at 16 pm
on a CTD Harris cryostat (International Equipment Com-
pany, Needham Heights, MA). Sections were stained with
anti-GRK2 and anti-GRK3 (1:500, Santa Cruz Biotech),
and probed with a FITC-conjugated anti-rabbit secondary
antibody (1:500, Invitrogen). Sections were stained with an
anti-melanopsin N-terminal antibody (1:1,000) and a
FITC-conjugated anti-rabbit secondary antibody (1:500,
Invitrogen). Retinas were double-labeled with antibodies
targeting GRK2 and 3 (1:100, Santa Cruz Biotech);
because these antibodies were also raised in rabbit, they
were directly labeled with a Zenon 588 labeling kit
(Invitrogen). Fluorescence was visualized by confocal
microscopy (TCS SP5, Leica Microsystems, Wetzlar,
Germany). Negative control experiments were performed
to ensure the specificity of the reactions. Sections were
incubated with just the FITC-conjugated anti-rabbit sec-
ondary antibody, and just the primary melanopsin
antibody. In both cases, no signal was observed.

Results

Melanopsin is phosphorylated in a light-dependent
manner in vivo

The first step in the stereotypical deactivation of a GPCR is
the phosphorylation of the carboxy-terminal tail of the
receptor by a member of the GRK family [4]. In order to
determine if melanopsin is phosphorylated in a light-
dependent manner in vivo, we examined phosphorylation
in mouse retina using an in situ proximity ligation assay
(Olink Biosciences, Uppsala, Sweden). In this assay the
proximity of two epitopes is determined by the ability of
complimentary oligonucleotides attached to secondary
antibodies to anneal and form a circular piece of DNA. The
circular template is then amplified and detected with

fluorescently labeled nucleotide probes specific for the
amplified DNA. Here we used an anti-melanopsin C-ter-
minal antibody [18] and a general anti-phosphoserine
antibody, such that anywhere in the cell where the anti-
melanopsin and anti-phosphoserine antibodies bind in close
proximity (<40 nm), a fluorescent spot would be generated
[24]. This approach has previously been used to detect
protein phosphorylation in situ [25, 26]. Using this
approach, we detected significant interaction between the
antibodies in light-exposed retinas, as indicated by the
fluorescent puncta seen in the inner plexiform (Fig. 1a) and
ganglion cell layers, but virtually no interaction in retinas
maintained in the dark (Fig. 1b). This labeling is consistent
with the known location of the cell bodies and dendritic
processes of melanopsin-containing RGCs, and implies
that melanopsin is phosphorylated in a light-dependent
manner in the murine retina.

The specificity of the anti-mouse melanopsin carboxy-
terminal antibody is demonstrated in supplemental Fig. 1.
In this experiment, the genes for wild-type melanopsin, the
phospho-null melanopsin mutant, and the c-tail deletion
mutant A385 were transfected into HEK cells and probed
with both the N and C terminal mouse melanopsin anti-
bodies. Cells expressing all melanopsin constructs
interacted with the N-terminal antibody, while the C-ter-
minus antibody only binds to the wild-type and phospho-
null proteins.

The specificity of this assay is indicated by the lack of
signal observed when the above experiment was performed
on light exposed retina from opn4~'~ mice, in which both
copies of the melanopsin gene have been replaced with
DNA encoding LacZ (Fig. 1d). This indicates that we are
only observing the interaction of the anti melanopsin
antibody with the phosphoserine antibody when melanop-
sin is expressed and light activated. In addition, no signal
was observed in the light when an anti-phosphotyrosine
was used in place of the phosphoserine antibody, thereby
confirming the specificity of the phosphorylation reaction
(Fig. 1c¢).

Melanopsin is phosphorylated in a light-dependent
manner in vitro

In order to more easily examine the effect of phosphory-
lation on melanopsin-based signaling, we developed an in
vitro assay system. Except where noted, we used the long
isoform of wild-type melanopsin (Accession # AF147789)
in all studies. First, we demonstrated light-dependent
phosphorylation of melanopsin in our heterologous
expression system using an in vitro kinase assay. Phos-
phorylation of melanopsin was measured by quantitating
the incorporation of radioactive phosphate from ATP-y->*P
in a filter-binding assay. We found that the degree of
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Fig. 1 Light-dependent
phosphorylation of melanopsin
in vivo. Animals were dark-
adapted overnight and killed
either in the light (a, ¢, and d) or
in the dark (b). Eyes were
removed, fixed, and sectioned.
Phosphorylation was probed
using a PLA assay (Olink
Biosciences) that is predicated
on detecting the interaction
between antibodies in close
proximity (see “Methods” for
details). The red dots indicate an
interaction between the two
antibodies and indicate
melanopsin phosphorylation.
Sections were probed with anti-
melanopsin C-terminal antibody GCL INL
and anti-phosphoserine (a, b,
and d) or anti-melanopsin
C-terminal and anti-
phosphotyrosine (¢). The retinas
in panels a, b, and ¢ were from
WT mice while the retina in

d was from an opn4 knockout
mouse. DAPI staining of cell
nuclei is shown in blue

Light

GCL INL

phosphorylation was dependent on both the presence of
the chromophore (11-cis-retinal) and exposure to light.
We observed minimal **P incorporation when melanopsin-
containing membranes were reconstituted with 11-cis-ret-
inal and incubated in the dark. In contrast, after
illumination, membranes containing reconstituted mela-
nopsin had an approximately fivefold increase in
radioactivity (Fig. 2a). In order to identify the carboxy tail
as the hypothesized site of phosphorylation, we constructed
a melanopsin mutant in which all 37 serines and threonines
in the C-terminal domain were changed to alanines. When
this phospho-null construct was tested in the kinase assay,
the light-dependent increase in >*P incorporation was vir-
tually eliminated. It should be noted that the increase in
background level of **P incorporation in the phospho-null
samples is due to the higher amount of membrane added to
the reaction to achieve comparable concentrations of the
less abundant phospho-null melanopsin. When similar
reactions were separated by SDS-PAGE and exposed to
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Dark

ONL GCL INL ONL

Melanopsin Knock-out

ONL GCL INL ONL

X-ray film, we observed that the majority of *’P was
incorporated into a protein band with an apparent molec-
ular weight of ~60 kDa, the appropriate M, for
melanopsin; this radioactive band was absent in untrans-
fected cells (Supplemental Fig. 1). Some phosphorylation
of melanopsin in the un-reconstituted membranes may be
due to incorporation of retinoids produced by the HEK-293
cells in which the protein was expressed [27]. We also
demonstrated light-dependent phosphorylation of mela-
nopsin in vitro using transfected cells and the in situ
proximity ligation assay (PLA). There was an approxi-
mately seven-fold increase in the number of fluorescent
spots in cells exposed to light compared to those main-
tained in the dark (Fig. 3), and cells transfected with the
phospho-null construct or untransfected cells were virtually
devoid of the PLA signal. These results demonstrate that,
like other vertebrate opsins and GPCRs, melanopsin’s
carboxy-terminal tail is phosphorylated in an activity-
dependent manner.
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Fig. 2 Light-dependent phosphorylation of melanopsin in vitro.
Membrane preparations containing ~ 250 pmol of mouse melanopsin
were resuspended in kinase buffer after reconstitution with 50 M
11-ci-retinal (opsin + chromophore). Samples were either exposed to
white light for 30 min, or left in the dark. Incorporation of *?P as
measured by a filter-binding assay and scintillation counting of WT
melanopsin or phospho-null mutant melanopsin. Data represents the
average of three measurements; error bars represent standard
deviation

Phosphorylation of melanopsin inhibits G-protein
activation

One of the measurable effects of phosphorylation on GPCRs
is a reduction in the rate of G-protein activation [1]. We
tested this prediction for melanopsin using purified bovine
transducin as the G-protein with a fluorescent G-protein
activation assay. While transducin is almost certainly not the
endogenous G-protein in melanopsin-expressing RGCs [9,
28], melanopsin has been previously shown to activate
bovine transducin in a light-dependent manner [14]. We first
examined the suitability of a fluorescently labeled GTPyS to
function in this assay as a replacement for the radiolabeled
GTP. BODIPY FL GTPyS, with an excitation wavelength of
490 nm, was selected for its similarity to the 1,,, of mela-
nopsin. In this assay the fluorescent dye is quenched in
solution by the electron transfer from the electron rich
guanine, and there is a fluorescence increase upon binding to
the G-protein [27-29]. To investigate the effect of phos-
phorylation on G-protein activation, melanopsin-containing
membranes were incubated under bright white light illumi-
nation in the presence or absence of ATP for 5 min.
Incubation in the light in the presence of ATP cause a ~50%
reduction in the rate of transducin activation (Fig. 4a).
Importantly, there was no significant ATP-dependent
reduction in the rate of G-protein activation by the phospho-
null mutant (Fig. 4b).

Melanopsin phosphorylation affects signaling kinetics

In order to test the physiological significance of melanop-
sin phosphorylation on signaling amplitude and kinetics,

251

20 1

15 1
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Mel Light Mel Dark Prull

Untransfected

Number of Fluorescent Puntca o

n=50

Fig. 3 Light-dependent phosphorylation of transfected HEK Cells.
Proximity ligation assay (PLA) showing phosphorylation of heterol-
ogously expressed melanopsin in the light, but not in the dark. PLA
assays were performed on HEK-293 transiently transfected with wild-
type melanopsin or phospho-null mutant melanopsin. Cells were split
onto poly-lysine coated cover slips 1 day after transfection and
moved to an incubator in the dark room. Forty-eight hours post-
transfection cell were reconstituted with 11-cis-retinal for 1 h; some
cells were then exposed to bright light illumination for 10 min. Cells
were fixed on ice in ice cold 4% PFA for 30 min in the dark and
probed with the PLA kit. Representative images were taken for each
condition: wild-type melanopsin in the light (a), wild-type melanop-
sin in the dark (b), phospho-null melanopsin mutant in the light (c),
and untransfected cells in the light (d). Histograms showing average
numbers of fluorescent spots per cell (e). Error bars represent
standard deviation. n = 100 cells/condition

we used fluorescent Ca’*-imaging in a heterologous-
expression system. As shown previously [30, 31], expres-
sion of melanopsin renders HEK-293 cells light sensitive,
and light-dependent activation of melanopsin leads to an
increase in intracellular calcium. Thus, intracellular cal-
cium can be used as a surrogate to monitor the kinetics and
amplitude of melanopsin-based signal transduction. The
excitation maximum for both the Ca®"-sensitive dye Fluo-
4 and melanopsin are within 10 nm of each other (490 and
480 nm, respectively) which allowed us to use a single
wavelength for both activation of melanopsin and excita-
tion of the Ca"-indicator dye. We began by demonstrating
efficacy of this system with HEK-293 cells transiently
transfected with melanopsin. When cells were transfected
with a plasmid containing wild-type melanopsin, the cal-
cium level rose quickly and peaked within 12 s after the
onset of light exposure. In the continued presence of light,
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Fig. 4 Effect of phosphorylation on G-protein activation. Membrane
preparations containing wild-type melanopsin (a) or the melanopsin
phospho-null mutant (b) were mixed with bovine retinal transducin in
the presence of BODIPY-GTPyS to monitor the rate of G-protein
activation. Reactions were split in half, with one half receiving 1 mM
ATP. All reactions were incubated in the light for 5 min prior to the
addition of transducin and BODIPY-GTPyS

the fluorescence peak was followed by a declining phase in
which fluorescence returned to near baseline levels. Neither
untransfected HEK cells nor cells expressing a non-func-
tional melanopsin mutant (K337A), a mutant that is unable
to bind chromophore [14], showed any increase in calcium.
In contrast, when cells were transfected with the phospho-
null C-tail melanopsin mutant, the decay phase was virtu-
ally abolished, and the fluorescence levels remained near
the original peaks during the 60-s duration of the assay.
Deactivation kinetics were also slowed by the addition of
siRNA directed against GRK?2, while siRNA against GRK3
had no effect on the rate of deactivation (Fig. 5a). GRK2
and 3 knockdown were confirmed by Western blot
(Fig. 5b). Additionally, siRNA knockdown of GRKs 5 or 6
had no measurable effect on signaling kinetics (data not
shown). The use of multiple related gene targets also serves
as a scrambled gene control for the RNAi method.
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Fig. 5 Time course of the calcium response of HEK-293 cells.
a HEK-293 cells were transiently transfected with DNA for wild-type
melanopsin, phospho-null melanopsin mutant, or the K337A chro-
mophore-binding melanopsin mutant as indicated. Some cells
transfected with wild-type melanopsin were also treated with siRNA
targeting GRK2 or GRK3. Cells were re-seeded into a 96-well plate at
a density of 80,000 per well, and loaded with the calcium sensitive
dye Flou-4. Melanopsin signaling was monitored by measuring
intracellular calcium levels. b Western-blot analysis of the experi-
ment described above. Whole cell lysates were probed with anti-GRK
antibodies as indicated. The lane labeled WT refers to cells
transfected with wild-type melanopsin, lanes labeled with siRNA
indicate cells transfected with wild-type melanopsin and targeted with
the indicated siRNA

70KDa

Melanopsin interacts with GRK2 and 3 but not GRK 5
and 6

Given that there are multiple GRK family members present
in HEK cells, it is important to determine which GRKs are
actually interacting with melanopsin. In order to investi-
gate the specificity of interaction of the available GRKs
with melanopsin, we used a reversible crosslinker, dithi-
obis(succinimidyl) propionate (DSP; Pierce Chemical Co.,
Rockford, IL) in conjunction with co-immunoprecipitation.
The anti-melanopsin antibody was not suitable for this
experiment because both it and the anti-GRK antibodies
were raised in rabbit. To avoid this complication, an
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inducible stable cell line was created expressing a mouse
melanopsin with a 1D4 tag appended to the carboxy tail.
The 1D4 tag consists of the last eight amino acids of bovine
rhodopsin. Following immunoprecipitation with anti-1D4
antibody conjugated beads and reversal of the cross-linking
under reducing conditions, the immunoprecipitated pro-
teins were analyzed by SDS-PAGE. Staining for total
protein with Sypro Ruby (Bio-Rad, Hercules, CA) revealed
12 distinct bands (Fig. 6), with a >eightfold increase of
total protein cross-linked to melanopsin in the light com-
pared to the dark (data not shown). When eluted proteins
were analyzed on an immunoblot probing for the GRKs
expressed in HEK cells, GRK2 and GRK3 were detected
while GRKS and GRK6 were not. These results clearly
demonstrate that melanopsin has a higher affinity for the
GRK2/3 subgroup of the GRK family than GRKS5/6
subgroup.

GRKs in melanopsin-containing RGCs

In order to investigate the in vivo physiological role of
melanopsin phosphorylation by GRKs, we first identified
candidate GRKSs that are present in melanopsin-containing
RGCs. As determined by both RT-PCR and immunoblot-
ting, all GRKs are expressed in the retina (Fig. 7a). This is
a somewhat surprising result given that the expression of
all 6 GRKSs in the murine retina has not been previously
reported. To determine which GRKs are expressed in
melanopsin-containing RGCs, single-cell RT-PCR was
performed following retinal dissociation and labeling of
single melanopsin-expressing RGCs using an anti-mela-
nopsin N-terminal antibody. In order to be deemed valid,
cells had to be both melanopsin positive and rhodopsin
negative in the RT-PCR. GRK2 was present in all cells
assayed, and GRK3 and GRKS5 were present in approxi-
mately half of the cells (Fig. 7b). No other GRKs were
detected consistently in the single cell analysis. Retinal
sections were probed with antibodies against GRK2 and

a 1P WCL b GRK2 GRK3 GRKS GRK6
T100 e
-50
-35
-25
—

Fig. 6 Crosslinking and co-immunoprecipitation of melanopsin. The
reversible crosslinker DSP was used to crosslink melanopsin to
interacting proteins. Melanopsin complexes were then immunopre-
cipitated using the 1D4 antibody bound to Sepharose beads. Beads
were washed extensively and crosslinking was reversed by incubation
with 50 mM DTT. a The SDS-PAGE analysis of the pulldown stained
with Sypro Ruby: /P immunopulldown after reversal of crosslinking,
WCL whole cell lysate. b Western-blot analysis of pulldown probed
specifically with anti-GRK antibodies indicated

GRK3 to determine distribution of these widely distributed
kinases in the retina. GRK2 was found to be expressed
primarily in the entire ganglion cell layer, while GRK3 was
also expressed throughout the ganglion cell layer and in the
inner nuclear layer and the outer segments of the photo-
receptive layer (Fig. 8a, b). Double immunolabeling of
retinal sections also demonstrated co-localization of GRK?2
and GRK3 with melanopsin (Fig. 8). These data provide
three strong candidates for GRKs that may interact with
melanopsin in vivo.

Discussion

Here we provide the first evidence that the non-visual
photopigment melanopsin is phosphorylated in a light-
dependent manner in vivo, and that phosphorylation plays
an important role in receptor deactivation in vitro. Phos-
phorylation of the activated receptor provides a molecular
mechanism for deactivation that is consistent with other
vertebrate opsins, and GPCRs in general. The general
model of vertebrate GPCR deactivation is a two-step
model. The first step is activity-dependent phosphorylation,
which both decreases signaling efficiency and creates a

a GRK1 GRKZ GRK3 GRK4 GRK5 GRK6 Mel Rho
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GRK2 GRK3 GRK4 GRKS5 GRK6

Fig. 7 G-protein coupled receptor kinase (GRK) expression in the
retina. All 6 GRKs expressed in mice are expressed in the retina, as
determined by both RT-PCR (a) and immunoblot analysis (b). Single
cell RT-PCR of immuno-labeled ipRGCs screening for GRK
expression. n = 13. In order to be counted, cells were required to
be both positive for melanopsin expression and negative for rhodopsin
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Fig. 8 Co-localization of
melanopsin with GRK2 and 3.
Retinal sections were stained
with anti-GRK2 (1:500, Santa
Cruz Biotech) (a) or anti-GRK3
(1:500, Santa Cruz Biotech) (b).
Mouse retinal sections were
stained with anti-melanopsin
(1:1,000) and FITC-conjugated
anti rabbit antibody
(Invitrogen). GRK2 and 3 were INL
detected using specific

antibodies (1:100, Santa Cruz

Biotech), directly labeled with a

Zenon 588 labeling kit GCL
(Invitrogen) (c)
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binding signal for arrestin. The subsequent binding of
arrestin serves to completely quench the response and in
many cases leads to internalization of the receptor [2-6].
Deactivation of invertebrate opsins, as established in
Drosophila melanogaster, differs in that phosphorylation is
not required for binding of arrestin [32], though it plays a
similar role in turning down the gain of the response [33].
Thus, the ERG from mutant flies expressing a C-terminally
truncated form of rhodopsin show no defect in signaling or
changes in deactivation kinetics [32]. Despite the similar-
ities between melanopsin and invertebrate opsins in
sequence and signal transduction [9, 34], melanopsin
appears to be deactivated in a manner similar to that of
other vertebrate opsins. As shown here, mutation of the
carboxy-terminal tail phosphorylation sites of melanopsin
led to an absence of the deactivation in a heterologous
system implying that phosphorylation of the carboxy tail
plays an important role. This finding should not be sur-
prising in that the signal termination machinery in
vertebrates would require melanopsin to conform to a
vertebrate-type deactivation mechanism. The ability of
phosphorylation to adjust the gain of a light-dependent
response could be particularly important in melanopsin-
expressing RGCs, as the melanopsin is thought to be under
constant illumination. Reducing G-protein activation
through phosphorylation may provide a mechanism to
protect the cell from excitotoxicity while still maintaining
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the possibility of long-term signaling throughout the
brightly lit day. It remains to be determined if light-
dependent phosphorylation plays a role in the deactivation
of the melanopsin-based signal in vivo, or the previously-
reported light adaptation of the melanopsin-based light
response [35].

In order to identify a candidate GRK responsible for
melanopsin phosphorylation in vivo, RT-PCR was per-
formed on single isolated ipRGCs. This analysis indicated
that GRK2, 3, and 5 are expressed in a high percentage of
melanopsin-containing RGCs and are viable candidates for
the endogenous kinase. The co-IP data demonstrates a
strong interaction between melanopsin and GRK2 and 3,
and suggests that they are better candidates for the
endogenous melanopsin kinase than GRKS5, which dem-
onstrated no detectable interaction with melanopsin. Given
that robust phosphorylation is seen in the in vitro kinase
assay in the absence of GRK3, GRK2 emerges as the
strongest candidate for the endogenous kinase. Further-
more, immunolabeling demonstrated that GRK2 is
expressed in all RGCs, including melanopsin-expressing
RGCs. Recent reports have indicated, however, that there
are cell-type specific differences in phosphorylation of
GPCRs [36], and one must, therefore, be careful extrapo-
lating the data obtained in a heterologous expression
system to the endogenous cell. Unfortunately, it is very
difficult to do these types of analyses on endogenous
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melanopsin-expressing RGCs due to their scarcity. Com-
plicating matters further, there is increasing evidence of
heterogeneity within the ipRGC population, with as many
as five types of melanopsin-expressing cells identified [18,
37-39]. Some of the physiological differences among these
cell types includes the rate of response deactivation, which
may be caused by differences in the expression patterns
and levels of GRKSs. It is likely that our method of selecting
single cells is biased toward the M1 melanopsin cell type,
which is the most abundant and stains most effectively with
the melanopsin N-terminal antibody used in single cell
selection [18, 37]. While methods have been developed to
concentrate and enrich cellular populations for melanopsin-
expressing cells [40, 41], it will remain challenging to tease
these biochemical answers from this highly non-uniform
system.

Further understanding of how melanopsin deactivation
is regulated will be helpful in developing melanopsin gene
therapy as a treatment for blindness caused by retinal
degeneration. When expressed ectopically in large numbers
of ganglion cells, melanopsin has been shown to cause
light-dependent depolarization and restore some visual
function in mice [13]. One of the major drawbacks of using
melanopsin for gene therapy is the extended deactivation
kinetics, which limit the temporal resolution of melanop-
sin-based vision. In the future, it may be possible to
accelerate melanopsin deactivation by co-expressing the
appropriate GRKs in the retinal ganglion cells.

In conclusion, we have shown here that melanopsin is
phosphorylated in a light-dependent manner in vivo and in
vitro and that this phosphorylation inhibits G-protein acti-
vation. Furthermore, light-dependent phosphorylation is
important for rapid termination of the melanopsin-based
calcium response in transfected HEK-293 cells. We have
also demonstrated a physical interaction between melanop-
sin and both GRK?2 and GRK3, but not GRKS5 or GRK6, and
show that GRK2, GRK3, and GRKS are expressed in the
melanopsin-containing RGCs of the mouse retina.
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