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In vivo light exposure results in tyrosine phosphoryl-
ation of several rod outer segment (ROS) proteins
(Ghalayini, A. J., Guo, X. X., Koutz, C. A, and Anderson,
R. E. (1998) Exp. Eye Res. 66, 817–821). We now report the
presence of Src in ROS and its increased association
with bleached ROS membranes. Immunoprecipitation
with anti-phosphotyrosine revealed that tyrosine ki-
nase activity recovered from light-adapted ROS mem-
branes was twice that recovered from dark-adapted
ROS. Other experiments revealed the presence of both
bleached rhodopsin and arrestin in immunoprecipitates
of LROS, suggesting the formation of a multimeric com-
plex containing Src, arrestin, and bleached rhodopsin.
Additionally, when immobilized Src homology domains
2 and 3 (SH2 and SH3, respectively) were used to study
the association of Src with ROS membranes, only
bleached opsin and arrestin were found to associate
with the SH2 domain of Src. These data strongly suggest
that Src through its SH2 domain interacts with bleached
rhodopsin and arrestin either directly or indirectly.
Similar results were also obtained when dark-adapted
and light-adapted retinas were used instead of ROS
membranes. Our data strongly suggest that light ex-
posure in vivo activates Src and promotes its association
through its SH2 domain with a complex contain-
ing bleached rhodopsin and arrestin. A hypothesis
for the functional significance of this phenomenon is
presented.

Tyrosine phosphorylation plays an important role in many
cellular functions including growth, development, prolifera-
tion, and survival. Several extracellular signals including in-
sulin, growth factors, mitogens, and others produce their intra-
cellular effects through the activation of the appropriate
receptor tyrosine kinases or nonreceptor protein-tyrosine ki-
nases (1). This activation results in tyrosine phosphorylation of
key intracellular proteins that are either enzymes or play the
role of adaptor proteins between other intracellular signaling

proteins (2). In the case of receptor tyrosine kinases, receptor
activation causes a rapid autophosphorylation on tyrosine res-
idues, which leads to association of these receptors with key
intracellular proteins, resulting in tyrosine phosphorylation of
these target proteins. Among the enzymes that are tyrosine-
phosphorylated upon activation are Ras-GTPase-activating
protein, phospholipase C� (PLC�),1 phosphatidylinositol 3-ki-
nase, protein-tyrosine phosphatases including the ubiquitous
SHP-2, and a growing list of other enzymes (2–5).

Although most of the current information regarding the bi-
ological significance of tyrosine phosphorylation involves recep-
tor tyrosine kinases and nonreceptor protein-tyrosine kinases
that are stimulated by growth factors and mitogens, there is
recent evidence indicating the involvement of G-protein-cou-
pled receptors (GPCRs) in the generation of tyrosine phospho-
rylation-based signals (for a recent review, see Ref. 6). One
such example is the angiotensin II receptor (AT1), a seven-
transmembrane receptor with no intrinsic kinase activity,
which has been shown to induce rapid tyrosine phosphorylation
of several intracellular proteins including PLC�1 (7, 8), Shc,
mitogen-activated protein kinase, and focal adhesion kinase
(9–11). Other studies (12) have demonstrated the involvement
of Src in GPCR activation of mitogen-activated protein kinase.
More recently, the formation of a signaling complex between
Src, �-arrestin, and �2-adrenergic receptor has been reported
(13). In earlier studies, we have shown that light adaptation in
vivo stimulates tyrosine phosphorylation in rod outer segments
(ROS) of rat retina (14, 15). The most likely mediator of such an
effect of light in ROS is rhodopsin. This would imply that
rhodopsin bleaching, similar to the activation of other GPCRs,
stimulates an intracellular tyrosine kinase, leading to tyrosine
phosphorylation of key intracellular ROS enzymes and pro-
teins. More recently, we have reported the association of Src
with ROS membranes following light exposure in vivo (16). In
the current study, we have investigated the identity of the
tyrosine kinase that may be activated by light. Our studies
show that Src binds specifically to ROS membranes obtained
from retinas exposed to light in vivo. We also demonstrate that
this membrane-associated form of Src is the activated form of
this enzyme. We present additional evidence that Src associ-
ates specifically with bleached rhodopsin and arrestin in im-
mune complexes obtained with anti-Src and that this associa-
tion is specifically mediated by the SH2 domain of Src.
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EXPERIMENTAL PROCEDURES

ROS Preparation—Albino Sprague-Dawley rats were dark-adapted
overnight and sacrificed either under dim red light, or following 30 min
of light exposure (�300 lux). ROS were prepared on a discontinuous
sucrose gradient from either dark- or light-adapted retinas as previ-
ously described (17) with some modification. Retinas were homogenized
in 1.5 ml of 47% sucrose solution containing 100 mM NaCl, 1 mM EDTA,
1 mM orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and 10 mM

Tris-HCl, pH 7.4 (buffer A). Retinal homogenates were transferred to
5-ml centrifuge tubes and sequentially overlaid with 1.0 ml of 42%, 1.0
ml of 37%, and 1.5 ml of 32% sucrose solutions dissolved in buffer A. The
gradients were spun at 82,000 � g for 1 h at 4 °C. The 32/37% interfa-
cial sucrose band containing ROS membranes was harvested; diluted
with 10 mM Tris-HCl, pH 7.4, containing 100 mM NaCl, 1 mM EDTA, 1
mM orthovanadate; and centrifuged at 27,000 � g for 30 min. The ROS
pellets obtained were resuspended in 10 mM Tris-HCl, pH 7.4, contain-
ing 100 mM NaCl, 1 mM EDTA, and 1 mM orthovanadate and stored at
�20 °C. The non-ROS band designated band II (37/42% interface) and
the remainder of the retina were also saved for comparison with ROS.
All procedures were carried out under dim red light for dark-adapted
retinas and in room light for light-adapted retinas. Protein was deter-
mined by the BCA reagent from Pierce.

SDS-PAGE and Immunoblot Analysis—SDS-PAGE was performed
using 7.5 or 10% gels according to Laemmli (18). Resolved proteins were
transferred to plastic backed nitrocellulose sheets (0.2 �m) or Immo-
bilon P membranes using a Genie electroblotter (Idea Scientific Com-
pany, Minneapolis, MN) for 2–3 h. Membranes were blocked overnight
with Tris-buffered saline (20 mM Tris-HCl, 300 mM NaCl), pH 7.5,
containing 0.1% Tween 20 and 5% crystalline grade bovine serum
albumin. Incubations with primary antisera were performed for 2–3 h
at room temperature. Immunoreactions were detected either with al-
kaline phosphatase or horseradish peroxidase conjugated to goat anti-
rabbit or goat anti-mouse IgG, followed by either alkaline phosphatase
substrate nitro blue tetrazolium and 5-bromo-4-chloro-3-indoyl phos-
phate, p-toluidine salt or enhanced chemiluminescence substrates
(ECL; Amersham Biosciences, Inc.). In some experiments, immunoblots
were stripped by incubation in 100 mM Tris-HCl buffer, pH 6.7, con-
taining 100 mM �-mercaptoethanol, 2% SDS for 1 h at 50 °C with gentle
agitation. Blots were reblocked with 5% bovine serum albumin in Tris-
buffered saline and probed as described above. Densitometric scan of
immunoblots was performed using ONE-Dscan software (Scanalytics,
Billerica, MA).

Immunoprecipitation—ROS membranes (100 �g) were solubilized in
0.2 ml of buffer B, pH 7.5, containing 100 mM NaCl, 20 mM Tris-HCl, pH
7.4, 1 mM EDTA, 1 mM orthovanadate, 1% Triton X-100 with or without
0.1% SDS; mixed thoroughly; and centrifuged at 27,000 � g for 30 min
at 4 °C to remove any particulate material. The cleared supernatants
were transferred to fresh microcentrifuge tubes and incubated with 50
�l of protein A-agarose/protein G-agarose for 30 min at 4 °C with gentle
mixing. The suspension was centrifuged at 27,000 � g for 30 min, and
the precleared supernatant was incubated with anti-Src (5 �g) and 50
�l of protein A-agarose (4 mg/ml) or protein G-agarose for 3–4 h at 4 °C
with gentle mixing. The immunoprecipitates were collected by centrif-
ugation at 2000 � g for 5 min, washed (four times) with 0.4 ml of buffer
B. The immunoprecipitates were solubilized in sample buffer for SDS-
PAGE and subjected to immunoblot analysis with anti-opsin (1:2000) or
anti-arrestin (1:2000).

Immune Complex Tyrosine Kinase Assay—Typically, ROS mem-
branes (100 �g) or “whole retinal” homogenates were solubilized in
buffer B without SDS as described above. The cleared supernatants
were transferred to fresh microcentrifuge tubes and incubated with 50
�l of protein A-agarose/protein G-agarose or GST-agarose for 60 min at
4 °C with gentle mixing. The suspension was centrifuged at 27,000 � g
for 30 min, and the precleared supernatants were incubated with PY99-
agarose (40 �g) or normal mouse IgG-agarose (40 �g) for 2 h at 4 °C
with gentle mixing. The immunoprecipitates were collected by centrif-
ugation at 2000 � g for 5 min, washed (three times) with 0.4 ml of buffer
B (without SDS) and two times with 50 �l of kinase assay buffer.
Tyrosine kinase activity in the immune complex was assayed as previ-
ously described (19) using exogenously added Raytide EL as substrate
in kinase assay buffer containing 50 mM HEPES (pH 7.5), 0.1 mM

EDTA, 0.02% Brij 35, and 5 �g of Raytide EL. The reaction was
initiated by the addition of 10 �l of ATP mix (0.2 mM ATP and 30 mM

MgCl2) and 10 �Ci of [�-32P]ATP. Incubations were carried out for 30
min at 37 °C in a final volume of 35 �l. The reaction was terminated by
the addition of 120 �l of 10% phosphoric acid, and the reaction mixture
was applied to a 2.5-cm diameter Whatman P81 filter paper and

washed 5 � 10 min in 5 ml of 0.5% phosphoric acid. Radioactivity was
quantitated by scintillation counting. Enzyme activity is expressed as
difference between counts incorporated into Raytide using either PY99-
agarose or normal mouse IgG-agarose.

Src SH2 Domain Binding—ROS membranes or retinal homogenates
from dark- and light-adapted retinas were solubilized in buffer B with-
out SDS as previously described, and equal aliquots based on total
protein were precleared with 20 �g of GST-agarose for 1 h at 4 °C and
incubated with either 20 �g of GST-agarose (control) or 20 �g of SH2-
agarose overnight at 4 °C with gentle mixing. The agarose beads were
centrifuged briefly at 2000 � g and washed four times with buffer B,
and the associated proteins were solubilized in SDS-PAGE sample
buffer and subjected to immunoblot analysis with either anti-opsin or
anti-arrestin.

Preparation of Cytoskeletal-enriched Fraction—ROS membranes
(100 �g) were solubilized in 0.2 ml of buffer B, pH 7.5, containing 100
mM NaCl, 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM orthovanadate,
1% Triton X-100; mixed thoroughly; and centrifuged at 27,000 � g for
30 min at 4 °C. The supernatant (solubilized membranes) was removed,
and the detergent-insoluble pellet was washed a second time with the
same buffer, centrifuged at 27,000 � g for 30 min, and the final pellet
was resuspended in SDS-PAGE sample buffer followed by immunoblot
analysis.

Immunocytochemistry—Eyes were fixed in perfix (20% isopopropyl
alcohol, 2% trichloroacetic acid, 4% paraformaldehyde, and 2% zinc
chloride) for 48 h; dehydrated in 70, 80, 95, and 100% ethanol for 45 min
each; and embedded in paraffin. For immunocytochemistry, sections
were dewaxed and rinsed sequentially with water and phosphate-buff-
ered saline, and endogenous peroxidase was inactivated by incubation
at room temperature for 20 min with H2O2 (0.05%). Sections were
blocked for 1 h with phosphate-buffered saline, pH 7.4, containing
0.25% Triton X-100 and 0.3% bovine serum albumin. Incubations with
anti-Src (N terminus; 2.5 �g/ml), or anti-arrestin (1:4000) were carried
out for 2 h at room temperature in a humidified chamber. After rinsing
the sections (three times) with phosphate-buffered saline, sections were
incubated with biotinylated goat anti-rabbit secondary antibodies, fol-
lowed by incubation with avidin-biotin complex (Vectastain kit; Vector
Laboratories). After rinsing with phosphate-buffered saline (three
times), immunoreactions were developed in 50 mM Tris-HCl (pH 7.5)
containing 0.06% diaminobenzidine and 0.01% H2O2 for 7–20 min at
room temperature. Slides were rinsed in tap water, and the reaction
was visualized on a Zeiss Axiovert photomicroscope.

Antisera—Monoclonal anti-phosphotyrosine (PY99), polyclonal anti-
Src (C terminus amino acids 509–533), polyclonal anti-Src (N terminus
amino acids 3–18), SH2, SH3, and SH2-SH3 fusion proteins coupled to
GST-agarose corresponding to Fyn were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). SH2-GST-agarose corresponding
to the SH2 domain of Src was obtained from Calbiochem. Clone 28, a
monoclonal antibody to activated Src (20) was a gift from Dr. Hisaaki
Kawakatsu (University of California, San Francisco). Polyclonal anti-
bovine arrestin was a gift from Dr. Igal Gery at the National Eye
Institute (Bethesda, MD). Monoclonal anti-opsin antibody (Rho 4D2)
was a gift from Dr. Robert Molday (University of British Columbia).

RESULTS

Association of Src with Light-adapted ROS—Immunoblot
analyses of retinal homogenates, non-ROS membranes, and
ROS membranes from dark- (D) and light-adapted (L) retinas
with anti-Src are shown in Fig. 1A. LROS membranes were
significantly enriched in the amount of Src over DROS. Densi-
tometric scanning of the immunoblot showed a 6.6-fold enrich-
ment of LROS over DROS. No detectable light-dark differences
were observed between retinal homogenates or non-ROS mem-
branes (band II), indicating that Src association with ROS
membranes is light-dependent and that it occurs specifically in
ROS. Fig. 1B shows the enrichment of arrestin (an independent
indicator of light adaptation) in LROS over DROS. In addition,
anti-arrestin recognized a band (*) of �85 kDa, which was also
recognized by anti-opsin (not shown), thus indicating that this
may represent an opsin-arrestin aggregate. The enrichment of
opsin in both DROS and LROS (Fig. 1C) over the other mem-
brane fractions further validates the specificity of the mem-
brane association of Src with LROS. Coomassie Blue-stained
gel of all fractions used is shown in Fig. 1D.
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Light-induced Tyrosine Phosphorylation of ROS—In other
experiments, we compared both the extent of tyrosine phospho-
rylation and amount of Src associated with DROS and LROS
membranes (Fig. 2). Immunoblots of DROS and LROS with
PY99 show that tyrosine phosphorylation of several proteins
was increased in LROS over DROS in response to in vivo light
exposure (Fig. 2A). The most pronounced increases were ob-
served with proteins of apparent molecular mass of �60, 70, 80,
110, 120, and 160 kDa. The 60-kDa protein showed the highest
extent of tyrosine phosphorylation. Densitometric scanning of
the blot showed that this represents a 1.9-fold increase in
tyrosine phosphorylation of LROS over DROS. A reprobe of the
same immunoblot with anti-Src antibody identified the 60-kDa
protein as Src (Fig. 2B). Densitometric scans of anti-Src immu-
noblot showed a 2.3-fold increase in the amount of Src associ-
ated with LROS, indicating that the increase in phosphoty-
rosine immunoreaction represents the increase in the amount
of Src associated with LROS and not an increase in tyrosine
phosphorylation of Src. Other membranes (non-ROS) obtained
from the same gradient (DII and LII) showed no apparent
difference in either phosphotyrosine or Src content (Fig. 2, A
and B, respectively), indicating the specificity of the effect of
light on photoreceptor ROS membranes. The extent of enrich-
ment of Src in LROS over DROS varied from 1.6- to 3.8-fold
(Fig. 2C).

Light-dependent Activation of Tyrosine Kinase in ROS—In
other experiments, PY99 immunoprecipitates from DROS and
LROS were subjected to immunoblot analysis with anti-Src and
assayed for tyrosine kinase activity in vitro (Fig. 3). As shown
in Fig. 3A, Src was recovered in PY99 immunoprecipitates from
both DROS and LROS (lanes 3 and 4, respectively), while it was
absent in control immunoprecipitates with normal mouse IgG
(lanes 1 and 2). When PY99 immunoprecipitates were assayed
for tyrosine kinase activity using exogenously added Raytide as
substrate, LROS immunoprecipitates showed twice the activity
of DROS immunoprecipitates (Fig. 3B).

Light-adapted ROS Membranes Are Enriched in Activated
Src—In other experiments, we compared the amount of Src
associated with DROS and LROS using two different anti-
bodies: a peptide-specific anti-Src and a monoclonal antibody,
designated clone 28, that recognizes only the activated form
of Src (20). Immunoblot analysis of D and LROS is shown in
Fig. 4. Clone 28 recognized Src in LROS membranes, whereas
immunoreaction was barely detectable in DROS, indicating

that the activated form of Src preferentially associates with
LROS and not DROS. Densitometric scans of the immunoblot
showed a 4.6-fold enrichment of activated Src in LROS over
DROS (Fig. 4A). When the same immunoblot was stripped
and reprobed with anti-Src, a similar increase in the amount
of Src was observed in LROS over DROS (Fig. 4B). Densito-
metric scans showed a 3.3-fold increase in LROS over DROS.
DROS and LROS were immunoprecipitated with clone 28 to
identify any associated proteins in the immunoprecipitate.
When the immunoblot was sequentially probed for arrestin
and Src, they were both detected in the immunoprecipitates
from DROS and LROS (Fig. 4C); however, more of both Src
and arrestin were recovered from LROS than DROS.

Association of Src with Bleached Rhodopsin and Arres-
tin—In an attempt to determine how Src associates with ROS
membranes, solubilized DROS and LROS were immunopre-
cipitated with anti-Src, and the immunoprecipitates were
subjected to immunoblot analysis with anti-opsin. As shown
in Fig. 5A, opsin was detected only in immunoprecipitates of
LROS, with the monomer and dimer of opsin being the pre-
dominant form in the immunoprecipitates. This indicates
that Src associates specifically with bleached rhodopsin in
ROS membranes. Arrestin was also detected in immunopre-
cipitates of LROS but was absent from immunoprecipitates
with normal rabbit IgG (Fig. 5B). These results indicate the
presence of a multimeric complex containing Src, bleached
rhodopsin, and arrestin. When whole retinal homogenates
from dark- and light-adapted retinas were immunoprecipi-
tated with anti-opsin, Src was only detected in light-adapted
immunoprecipitates (Fig. 5C).

Activated Src Is Associated with Bleached Rhodopsin—In
other experiments, tyrosine phosphorylated proteins from
“whole retina” were affinity-eluted from PY99-agarose with
phenylphosphate, and the eluates were either assayed for ty-
rosine kinase activity or subjected to immunoblot analysis with
anti-Src or anti-opsin (Fig. 6). As shown, Src was recovered in
phenylphosphate eluates from both dark- and light-adapted
retinas; however, only the eluates from light-adapted retinas
contained opsin indicating a light-dependent association be-
tween Src and opsin (Fig. 6A, lanes 2 and 4). Neither Src nor
opsin was detectable in control eluates using GST-agarose in-
stead of PY99-agarose (Fig. 6A, lanes 1 and 3). When eluates
from PY99 immunoprecipitates were assayed for tyrosine ki-
nase activity using exogenously added Raytide, light-adapted

FIG. 1. Light-dependent binding of Src to ROS. A, immunoblot of “whole retinal” homogenates (Retina), non-ROS (Band II, 37/42%
interface), and ROS membranes from dark- (D) and light-adapted (L) retinas in vivo with anti-Src at 1 �g/ml. Each lane contains 20 �g of protein.
B, reprobe of the same immunoblot with anti-arrestin (1:2000). C, reprobe of the same immunoblot with anti-opsin (1:500). D, Coomassie
Blue-stained gel of samples.
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retinas had 1.5-fold the activity of dark-adapted retinas (Fig.
6B), indicating that activated Src is specifically associated with
bleached rhodopsin either directly or indirectly.

Src SH2 Domain Mediates Association with Bleached Op-
sin—In other experiments, we tested the interaction of Src
fusion proteins with DROS and LROS as well as dark- and
light-adapted “whole retinal” homogenates (Fig. 7). As shown
in Fig. 7A, both bleached opsin and arrestin were found to
associate with Src SH2 domain (lane 4), whereas neither opsin
nor arrestin was detected in DROS (lane 2). Control incuba-
tions of DROS and LROS with GST-agarose (lanes 1 and 3) also
showed the absence of opsin and arrestin, indicating the spec-
ificity of interaction of Src SH2 domain with bleached opsin.
Similar results were obtained when dark- and light-adapted
“whole retinal” homogenates were used to test the interaction
with the Src SH2 domain (Fig. 7B). Comparison of the interac-
tion of different Src domains with dark- and light-adapted
“whole retinal” homogenates showed that bleached opsin asso-
ciates predominantly with the SH2 domain of Src and to a
much lower extent with the SH3 domain (Fig. 7C). Moreover,
the amount of opsin recovered from SH2-SH3 fusion protein
was similar to that recovered with SH2 fusion protein, suggest-
ing that bleached rhodopsin interaction with Src occurs pre-
dominantly through the SH2 domain of Src.

Colocalization of Arrestin and Src to ROS Cytoskeleton—A
cytoskeletal enriched fraction obtained from DROS and LROS
was subjected to immunoblot analysis with anti-Src and anti-
arrestin (Fig. 8). As shown, the light-adapted cytoskeletal pel-
let was significantly enriched with Src and arrestin over the
dark-adapted pellet, indicating that light exposure specifically

promotes the association of Src and arrestin with the ROS
cytoskeleton.

Immunolocalization of Src in Rat Retina—Immunocyto-
chemistry of sections from dark- and light-adapted albino rat
retinas are shown in Fig. 9. In the outer retina, immunoreac-
tion was detected throughout the inner and outer segments of
photoreceptor cells in both dark- and light-adapted retinas.
However, immunoreaction with light-adapted sections was
much more pronounced that of dark-adapted sections (Fig. 9A),
possibly indicating exposure of a specific Src epitope in re-
sponse to light. No apparent difference in immunoreaction of
this antibody with dark- and light-adapted retinal homoge-
nates was observed (Fig. 9C), suggesting that this is unlikely to
represent an increase in the amount of Src protein in the light.
However, we cannot rule out that the observed difference in
immunocytochemistry represents a light-dependent modifica-
tion of Src. Sections incubated in the absence of primary anti-
body showed no reaction (not shown). As a positive control,
immunolocalization of arrestin in dark- and light-adapted sec-
tions is shown in Fig. 9B. Arrestin was present predominantly
in the inner segments of photoreceptors of dark-adapted reti-
nas but was present only in the outer segment of light-adapted
retinas, in agreement with previous reports (22). The translo-
cation of arrestin between the inner and outer segments is
quite evident; however, Src shows only differences in the in-
tensity of reaction and not localization in response to light.
These results suggest that Src might either translocate from
the cytosol to the disc membranes/cytoskeleton or undergo a
conformational change exposing a specific epitope in response
to light.

FIG. 2. Light-mediated tyrosine
phosphorylation of ROS proteins. A,
immunoblot of DROS and LROS mem-
branes (17 �g/lane) with anti-phosphoty-
rosine (PY99) at a concentration of 1 �g/
ml. D II and L II contained 40 and 39
�g/lane, respectively. B, a reprobe of the
same immunoblot with anti-Src at 1 �g/
ml. C, immunoblot of four pairs of DROS
and LROS preparations with anti-Src.
Each pair contained an equal amount of
total ROS protein. The -fold increases
based on densitometric scans of immuno-
blots are shown below.
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DISCUSSION

We have previously reported that light stimulates tyrosine
phosphorylation of photoreceptor ROS in rat retina in vivo (15).
In the current report, we have observed that light exposure of
albino rats promotes a specific association of Src with LROS
membranes purified on a discontinuous sucrose gradient.
LROS membranes were enriched 1.6–6.6-fold with Src over

DROS membranes. Arrestin, which has been documented to
bind to bleached and phosphorylated rhodopsin (21) was simi-
larly enriched in these same membranes over DROS. LROS
membranes also showed a significant increase in tyrosine phos-
phorylation of several proteins ranging in size from 60 to 140
kDa. The 60-kDa protein was identified as Src by sequential
probing first with PY99 followed by anti-Src. Densitometric
scanning of both blots revealed a similar increase in tyrosine
phosphorylation and amount of Src (1.9- and 2.3-fold, respec-
tively) associated with LROS, indicating that the apparent
increase in the extent of tyrosine phosphorylation of Src simply
represents the increase in the amount of Src associated with
LROS. The identity of the 60-kDa protein was further verified
by immunoprecipitation with PY99. These immunoprecipitates
recovered Src from both DROS and LROS. Moreover, tyrosine
kinase activity in PY99 immunoprecipitates from LROS was
twice that of DROS, indicating that Src recovered from LROS is
the activated form of the enzyme.

In other experiments, we investigated if the membrane-as-
sociated Src is an activated form of Src. There are two known
phosphorylation sites on Src, which are Tyr419 and Tyr530 (for
a review, see Ref. 23). It has been shown that the Tyr530 is an
autoregulatory (inhibitory) phosphorylation site and that the
unphosphorylated Tyr530 is the activated (open configuration)
form of Src (20, 23). We have used monoclonal antibodies (clone
28), which specifically recognize the activated form of Src (13,
20), to probe DROS and LROS. Our results showed a signifi-
cant immunoreaction of clone 28 with LROS but not DROS,
whereas polyclonal anti-Src recognized Src in DROS and
LROS. This indicates that the increase in membrane associa-
tion of Src with LROS represents an increase in the activated
form of Src. This was further verified by immunoprecipitation
of both DROS and LROS with clone 28. Activated Src was
present only in LROS immunoprecipitates, whereas it was
absent from DROS immunoprecipitates. These findings indi-
cate that light promotes the association of activated Src (un-
phosphorylated Tyr530) with ROS membranes. However, we
cannot rule out that this activation may also involve tyrosine
phosphorylation of Tyr419.

To investigate the mechanism of light-dependent membrane
association of Src with ROS membranes, DROS and LROS

FIG. 3. Src and tyrosine kinase activity in PY99 of DROS and
LROS. A, immunoprecipitates from DROS and LROS (100 �g each)
with either normal mouse serum (lanes 1 (DROS) and 2 (LROS), re-
spectively) or PY99 (lanes 3 (DROS) and 4 (LROS), respectively). B,
tyrosine kinase activity in PY99 immunoprecipitates from DROS and
LROS (50 �g each) using Raytide as substrate. Activity represents the
difference in counts incorporated between PY99 immunoprecipitates
and control immunoprecipitate from normal mouse IgG. *, significantly
different; p � 0.05, two-tailed, equal variance t test, n � 3.

FIG. 4. Enrichment of LROS with activated Src and its associ-
ation with arrestin. A, immunoblot of DROS and LROS (10 �g/lane)
with clone 28 at 1 �g/ml. B, reprobe of immunoblot with anti-Src at 1
�g/ml. C, immunoprecipitates (IP) of DROS and LROS membranes (100
�g) with clone 28 (2 �g) followed by immunoblot (IB) analysis with
anti-Src and anti-arrestin. D, Coomassie Blue-stained gel of ROS (20
�g/lane) used in these experiments.

FIG. 5. Association of Src with bleached rhodopsin and arres-
tin. A, immunoprecipitates (IP) of DROS and LROS (100 �g) with
anti-Src (5 �g) were separated on 10% gels, transferred to nitrocellu-
lose, and probed with anti-opsin (1:1000). Equal aliquots from the
immunoprecipitates were either boiled for 5 min or not boiled in dena-
turing buffer prior to SDS-PAGE. The arrows show the mobility of opsin
monomer, dimer, and polymers. **, IgG heavy chain aggregate; *, IgG
heavy chain. B, immunoprecipitates of LROS (80 �g) with either nor-
mal rabbit serum (CIP; 5 �g) or anti-Src (5 �g) were separated on 7.5%
gels, transferred to nitrocellulose, and probed with anti-arrestin (1:
2000). C, immunoprecipitation of “whole retinal” homogenates (150 �g
each) with anti-opsin (lanes 2 (D) and 4 (L)) or with normal mouse IgG
(lanes 1 (D) and 3 (L)), followed by immunoblot (IB) with anti-Src. Data
are representative of three independent experiments.
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were immunoprecipitated with anti-Src. Immunoprecipitates
from LROS were significantly enriched with rhodopsin over
DROS, indicating that light specifically increases the associa-
tion of Src with bleached rhodopsin. In other experiments,
PY99 immunoprecipitates from dark- and light-adapted reti-
nas showed the presence of both Src and bleached opsin in
light-adapted retinas, whereas only Src was recovered from
dark-adapted retinas. Furthermore, tyrosine kinase activity in
PY99 immunoprecipitates from light-adapted retinas was 1.5-
fold higher than dark-adapted retinas. These observations
taken together suggest that light exposure promotes the for-
mation of a complex that contains Src, arrestin, and bleached
rhodopsin in photoreceptor outer segments and that activated
Src is associated with bleached opsin. Studies with SH2 and
SH3 binding domains also demonstrated the association of
bleached opsin with Src SH2 domain. These observations
would indicate that opsin may interact with Src SH2 domain
either directly or indirectly through an adaptor protein. The
presence of both rhodopsin and arrestin in immunoprecipitates
of LROS with activated Src suggests a light-dependent forma-
tion of a multimeric complex containing rhodopsin, arrestin,
and activated Src. The specific intermolecular mechanism of
association of these proteins remains to be elucidated. Src can

putatively interact with other signaling molecules (receptors,
adaptor proteins, or enzymes) through its SH2 and SH3 do-
mains, catalytic domain (24), or Tyr(P) residues binding to the
Tyr(P) binding domain (PTB; for a review, see Ref. 22). The
association of Src with bleached opsin or arrestin could occur
through any of these mechanisms. Our observation using ROS
membranes and “whole retinal” homogenates strongly suggest
that this association involves the SH2 domain binding to either
bleached opsin, arrestin, or a yet unidentified protein that
forms a complex with opsin and arrestin.

To date, there is no evidence of tyrosine phosphorylation of
either rhodopsin or arrestin; however, such a modification has
not been addressed rigorously. Recent studies (13), have shown
the presence of a trimeric complex consisting of Src, �-arrestin,
and the �2-adrenergic receptor, whose formation is stimulated
by isoproterenol. This interaction was shown to be mediated by
the SH3 region of Src binding to a proline-rich region in the N
terminus of �-arrestin. Visual arrestin does not contain the

FIG. 6. Phenylphosphate elution of Src and opsin from PY99-
agarose from dark- and light-adapted retinas. A, “whole retinal”
homogenates (from dark- and light-adapted (30 min) retinas (DR and
LR, respectively) were solubilized as described under “Experimental
Procedures,” and equal amounts of protein (100 �g each) were immu-
noprecipitated (IP) using either PY99-agarose (lanes 2 (D) and 4 (L)), or
GST-agarose (lanes 1 (D) and 3 (L)). Immunoprecipitated proteins were
eluted by incubation with 25 mM phenylphosphate for 1 h at 4 °C, and
the eluate was probed on immunoblots with either anti-Src or anti-
opsin. B, PY99 immunoprecipitations were performed as in A, except
150 �g of total protein/immunoprecipitate was used, and the immune
complex was assayed for tyrosine kinase activity with Raytide as sub-
strate. Activity represents the difference in counts incorporated be-
tween PY99-agarose immunoprecipitates and control immunoprecipi-
tate from GST-agarose. *, significantly different; p � 0.05, two-tailed,
equal variance t test, n � 4.

FIG. 7. Association of bleached opsin and arrestin with Src
SH2 domain. A, DROS and LROS (63.5 �g each) were solubilized and
incubated with either Src SH2-agarose (20 �g) or GST-agarose (con-
trol). Proteins recovered were subjected to SDS-PAGE and immunoblot
analysis with either anti-opsin or anti-arrestin. Lanes 1 and 3, dark and
light GST-agarose controls, respectively; lanes 2 and 4, dark and light
proteins recovered from SH2 domain, respectively. B, experiments per-
formed as in A, except solubilized “whole retinal” homogenates (from
dark- and light-adapted (30 min)) retinas were used, and equal
amounts of protein (100 �g each) were incubated with either Src SH2-
agarose (20 �g) or GST-agarose (control). Proteins recovered were sub-
jected to SDS-PAGE and immunoblot analysis with either anti-opsin or
anti-arrestin. Lanes 1 and 3, dark and light GST-agarose controls,
respectively; lanes 2 and 4, dark and light proteins recovered from SH2
domain, respectively. C, experiments performed as in B, except 150 �g
of “whole retinal” lysate were used per incubation, and 40 �g of either
SH2-agarose, SH3-agarose, or SH2-SH3-agarose were used. Proteins
recovered were subjected to SDS-PAGE and immunoblot analysis with
anti-opsin.
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proline rich sequence present in �-arrestin, indicating that its
interaction with Src may involve a different module of protein-
protein interaction or an interaction mediated by rhodopsin.
Other reports have shown that �-arrestin as well as visual
arrestin interact with the catalytic domain of Src (24). Addi-
tionally, Src has been recently shown to interact directly with
the �3-adrenergic receptor through its SH3 domain (25). These
observations along with our current observations clearly sug-
gest several mechanisms for agonist-mediated interaction be-
tween Src, arrestins, and GPCRs. The specific module of inter-
action may depend on cell type, receptor type, and stimulus.

Immunocytochemistry of Src in photoreceptor cells shows a
significant increase in intensity of reaction in light-adapted
sections over dark-adapted sections, suggesting a light-depend-
ent conformational change resulting in the exposure of the N
terminus of Src. On the other hand, arrestin is immunolocal-
ized in a more dramatic fashion to the outer segments of light-
adapted sections. In this regard, our observations of 1) both Src
and arrestin being enriched in a Triton X-100-insoluble, cy-
toskeleton-enriched fraction of LROS (Fig. 8) and 2) the light-
dependent formation of a complex containing Src, arrestin, and
bleached opsin (Figs. 4, 5, and 7) support the hypothesis that
the interaction of bleached opsin, Src, and arrestin may be
indicative of a light-mediated translocation of photoreceptor
proteins between the inner and outer segment and/or a light-
mediated membrane/cytoskeleton association within the outer
segment. A recent report demonstrates a light- and GTP�S-de-
pendent association of transducin � subunit and the rod cGMP-
phosphodiesterase with detergent-resistant “lipid rafts” iso-
lated from bovine ROS (26). We have recently reported the
association of transducin � subunit with caveolin, a scaffolding
protein enriched in detergent-resistant microdomains obtained
from bovine ROS (27). These results along with our current
observations regarding Src and arrestin may suggest a role for
detergent-resistant lipid rafts in the recruitment and forma-
tion of signaling complexes within photoreceptor outer seg-
ments in a light-dependent manner.

The consequence of light activation of tyrosine phosphoryla-
tion in photoreceptor outer segments remains unknown. Our
data suggest that Src is a light-activated tyrosine kinase in
photoreceptor cells and may, in part, be responsible for the
increase in tyrosine phosphorylation in ROS membranes. Sev-
eral putative Tyr(P) substrates have been identified in ROS,

including phosphatidylinositol 3-kinase (28), SHP-2 (29), trans-
ducin � (19), and PLC�1, which binds to bleached ROS mem-
branes in vitro and translocates from the inner and outer
segments of photoreceptors in response to light adaptation in
vitro (30). The possible regulation of the former enzymes by
light in vivo is currently under investigation. A recent report
has demonstrated tyrosine phosphorylation of the epidermal
growth factor and fibroblast growth factor receptors in re-
sponse to epidermal growth factor and fibroblast growth factor
treatment of photoreceptor cells in culture (31). In nonocular
tissue, the epidermal growth factor receptor has been shown to
associate with Src and to be regulated by it (32). Other reports
have shown that the photoreceptor cGMP-gated channel is
modulated by tyrosine phosphorylation (33, 34).

Functionally, in vivo light-activated tyrosine phosphoryla-
tion could serve to establish an intracellular communication
network between the outer and inner segments of photorecep-
tors. This intracellular communication is likely to be important
in the maintenance of the functional/structural polarization of
photoreceptor cells. The hypothesis we propose can be summa-
rized as follows: light 3 rhodopsin 3 activation of tyrosine
kinase (Src) in the inner segment 3 tyrosine phosphorylation
of other cytosolic photoreceptor proteins in the inner segment
3 direct recruitment/transport of cytosolic signaling molecules

FIG. 8. Light-dependent association of Src and arrestin with
ROS cytoskeleton. ROS membranes (100 �g) were solubilized in
buffer B (without SDS) and centrifuged at 27,000 � g for 30 min. The
Triton X-100-insoluble pellet was washed again with 0.4 ml of buffer B,
centrifuged at 27,000 � g for 30 min, and solubilized in SDS-PAGE
sample buffer. A, immunoblot of solubilized DROS and LROS mem-
branes (15.5 �g/lane) used for preparation of cytoskeletal pellet with
anti-arrestin; *, immunoreaction with arrestin-opsin aggregate. B, the
detergent insoluble pellet was subjected to immunoblot analysis with
anti-Src or anti-arrestin.

FIG. 9. Immunolocalization of Src and arrestin in photorecep-
tor cells. Immunocytochemistry of dark- (D) or light-adapted (L) (30
min) paraffin-embedded rat retinal sections with anti-Src (N terminus)
at 2.5 �g/ml (A) or anti-arrestin at 1:4000 (B). OS, outer segment; IS,
inner segment; OPL and IPL, outer and inner plexiform layers, respec-
tively; ONL and INL, outer and inner nuclear layers, respectively. Data
are representative of six independent eyecups (three dark and three
light). C, immunoblot of dark and light (30 min in vivo) retinal homo-
genates (10 �g each), solubilized in buffer containing 10 mM Tris-HCl,
pH 7.4, 1% Triton X-100, 60 mM octyl glucoside, 100 mM NaCl, and 1 mM

EDTA with anti-Src (N terminus) at 1 �g/ml. Densitometric scans of
three independent dark- and light-adapted samples showed no signifi-
cant difference in reactivity with this antibody (dark-adapted inte-
grated density � 2.03 � 1.10; light-adapted integrated density � 2.40 �
1.08; p � 0.7, two-tailed t test, n � 3).
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to ROS (e.g. PLC�1) or recruitment/transport of cytosolic pro-
teins (e.g. arrestin) through their association with an adaptor
molecule that is tyrosine-phosphorylated (Fig. 10). Tyr(P) res-
idues on these cytosolic proteins bind to SH2 or PTB binding
domains present in an integral ROS protein at the base of the
outer segment or cytoskeletal element present throughout the
photoreceptor, which ultimately leads to their transport from
the inner to the outer segment. Alternatively, light 3 rhodop-
sin3 activation of tyrosine kinase (Src)3 translocation/mem-
brane association of Src with ROS3 tyrosine phosphorylation
of an integral ROS membrane protein/cytoskeletal component
providing high affinity binding sites (Tyr(P)) for signaling pro-
teins with either an SH2 domain (e.g. PLC�1, phosphatidyl-
inositol 3-kinase, or SHP-2) or a PTB. In either model, Tyr(P)
residues generated in a light-dependent manner provide a
module for protein-protein interaction between cytosolic pho-
toreceptor proteins and integral membrane/cytoskeletal com-
ponents of ROS. This module provides docking sites for trans-
port of cytosolic proteins between the inner and outer segment
either through association with the cytoskeleton or an integral
ROS protein. Depending on the identity of the signaling protein

recruited, the outcome will either modulate the photoresponse
(light adaptation/turn-off; e.g. PLC�1 or arrestin translocation)
or contribute to other light-regulated (entrained) events that
are important for the maintenance of structural integrity of
photoreceptor cells (disc shedding/morphogenesis).

REFERENCES

1. Fantl, W. J., Johnson, D. E., and Williams, L. T. (1993) Annu. Rev. Biochem.
62, 453–481

2. Pawson, T. (1995) Nature 373, 573–580
3. Feng, G-S. Hui, C., and Pawson, T. (1993) Science 259, 1607–1611
4. Nishibe, S., Wahl, I., Hernández-Sotomayer, S. M. T., Tonks, N. K., Rhee,

S. G., and Carpenter, G. (1990) Science 250, 1253–1256
5. Cantley, L. C., Auger, K. R., Carpenter, C., Duckworth, B., Graziani, A.,

Kapeller, R., and Soltoff, S. (1991) Cell 64, 281–302
6. Hall, R. A., Premont, R. T., and Lefkowitz, R. J. (1999) J. Cell Biol. 145,

927–932
7. Marrero, M. B., Paxton, W. G., Duff, J. L., Berk, B. C., and Bernstein, K. E.

(1994) J. Biol. Chem. 269, 10935–10939
8. Marrero, M. B., Scheifer, B., Paxton, W. G., Scheifer, E., and Bernstein, K. E.

(1995) J. Biol. Chem. 270, 15734–15738
9. Tsuda, T., Kawahua, Y., Shii, K., Koide, M., Ishida, Y., and Yokoyama, M.

(1991) FEBS Lett. 285, 44–48
10. Malloy, C. J., Taylor, D. S., and Weber, H. (1993) J. Biol. Chem. 268,

7338–7345
11. Schorb, W., Peeler, T. C., Hadigan, N. N., Conrad, K. M., and Baker, K. M.

(1994) J. Biol. Chem. 269, 19626–19632
12. Luttrell, L. M. Hawes, B. E., van Biesen, T., Lutrell, D. K., Lansing, T. J., and

Lefkowitz, R. J. (1996) J. Biol. Chem. 271, 19443–19450
13. Luttrell, L. M., Ferguson S. G., Daaka, Y., Miller, W. E., Maudsley, S., Della

Rocca, G. J., Lin, F-T., Kawakatsu, H., Owada, K., Luttrell, D. K., Caron,
M. G., and Lefkowitz, R. J. (1999) Science 283, 655–660

14. Ghalayini, A. J., Guo, X. X., Koutz, C. A., and Anderson, R. E. (1995) Invest.
Ophthalmol. Vis. Sci. 36, (suppl.) 1234

15. Ghalayini, A. J., Guo, X. X., Koutz, C. A, and Anderson, R. E. (1998) Exp. Eye
Res. 66, 817–821

16. Ghalayini, A. J., and Anderson, R. E. (1998) Invest. Ophthalmol. Vis. Sci. 39,
(suppl.) 4427

17. Organisciak, D. T., Xie, A. Wang, H. M., Jiang, Y. L., Darrow, R. M., and
Donoso, L. A. (1991) Exp. Eye Res. 503, 773–779

18. Laemmli, U. K. (1970) Nature 227, 680–685
19. Bell, M. W., Desai, N., Guo, X. X., and Ghalayini, A. J. (2000) J. Neurochem.

75, 2006–2019
20. Kawakatsu, H., Sakai, T., Takagaki, Y., Shinoda, Y., Saito, M., Koji-Owada,

M., Yano, J. (1996) J. Biol. Chem. 271, 5680–5685
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FIG. 10. Model for the role of light activation of Src in photo-
receptor cells. Light activation of Src initiated by bleaching of rho-
dopsin (R), results in tyrosine phosphorylation of several ROS proteins.
Phosphotyrosine residues (P-Y) generated on disc membranes, plasma,
or cytoskeleton provide high affinity docking sites for signaling mole-
cules with either an SH2 or PTB domain, resulting in the recruitment
of these signaling components to the outer segment in a light-dependent
manner. Alternatively, Tyr(P) residues generated on cytosolic photore-
ceptor proteins (PLC�1, SHP-2) allow their association with SH2 and
PTB domains in integral ROS components, resulting in their recruit-
ment to the outer segment. The recruitment of arrestin (A) to the outer
segment in response to light could involve association with an adaptor
protein such as Src. The outcome of Src activation by light may con-
tribute to the maintenance of functional or structural polarization of
photoreceptor cells.
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