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ABSTRACT: Many retinal degenerative diseases show an early loss of rod cells followed by cone cells. In
these degenerations the pathological phenotype is apoptosis. We have previously demonstrated the light-
dependent tyrosine phosphorylation of the insulin receptor in the retina, which leads to the activation of
anti-apoptotic signaling molecules. The mechanism of the regulation of the insulin receptor in the retina
is not known. Yeast two-hybrid screening of a bovine retinal cDNA library with the cytoplasmic domain
of the retinal insulin receptor (IRâ) identified a member of the Grb7 (growth factor receptor-bound protein
7) gene family, Grb14. In this report, we describe the unique features of Grb14. Grb14 forms a specific
complex with the cytoplasmic domain of IRâ when both are expressed as hybrid proteins in yeast cells.
This interaction is strictly dependent upon receptor tyrosine kinase activity. Deletion mutagenesis on Grb14
indicated a phosphorylated insulin receptor interacting (PIR) domain between the PH (pleckstrin homology)
and SH2 (Src homology) domains that binds to IRâ. Nuclear import assays in yeast indicated the presence
of a functional nuclear localization signal in Grb14 between amino acids 63 and 68 (RRKKD). Subcellular
localization of isolated retinas probed with anti-Grb14 antibody further confirmed the presence of Grb14
in nuclear fractions. Analysis using a protein-lipid overlay assay indicated binding of Grb14 and its PH
domain to D3 phosphoinositides. In addition, Grb14-phosphoinositide 3,4,5-trisphosphate complexes are
detected in lysates prepared from insulin-stimulated retina tissues, whereas Grb14-phosphoinositide 4,5-
bisphosphate interactions are observed under non-insulin stimulated conditions. These findings suggest
that Grb14 could be a diverse regulator of insulin receptor mediated pathways in the retina.

Insulin receptors (IR) and insulin signaling proteins are
widely distributed throughout the central nervous system
(CNS) (1). Previous experiments have suggested a role for
insulin signaling in the regulation of food intake (2, 3) and
neuronal growth and differentiation (4, 5). Disregulation of
insulin signaling in the CNS has been linked to the
pathogenesis of neurodegenerative disorders such as Alzhe-
imer’s and Parkinson’s disease (6, 7). Cells of bovine and
rat retina contain high-affinity receptors for insulin (1).
However, little research has been done on these receptors
since these early reports, probably due to the absence of an
identified intracellular target. We have demonstrated that light
stimulates tyrosine phosphorylation of theâ subunit of the
insulin receptor (IRâ)1 in vivo, which leads to the association
of phosphoinositide 3-kinase (PI3K), an anti-apoptotic
enzyme with the IRâ (8).

The IR serves an important function in guiding retinal
photoreceptor axons inDrosophila from the retina to the

brain during development (9). In Drosophila, IR also
influences the size and number of photoreceptors (10). In
Caenorhabditis elegans, the IR regulates neuronal survival
(11). The high degree of IR signaling homology betweenC.
elegans, Drosophila, and humans suggests functional con-
servation in mammalian retina. Defects in IR signaling in
the central nervous system are associated with Alzheimer’s
disease (12-14), and lack of insulin receptor activation leads
to neurodegeneration in the brain/neuron-specific insulin
receptor knockout mice (15). Mutation in either IRâ auto-
phosphorylation sites (9) or its binding partner Dock (16) in
Drosophilaresults in a severe photoreceptor axonal misguid-
ance phenotype. Recently, it has been shown that IRS-2
knockout mice lose up to 50% of photoreceptor cells by 2
weeks of age, owing to increased apoptosis (17). These
studies clearly suggest that the insulin receptor pathway is
important for photoreceptor survival and maintenance.
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Insulin receptor signaling provides a trophic signal for
transformed retinal neurons in culture (18), but the in vivo
role of insulin receptor activity in neural tissues is unknown.
To identify new binding partners, the cytoplasmic domain
of the retinal insulin receptor was used as bait in a two-
hybrid screen of a bovine retinal cDNA library in the yeast
Saccharomyces cereVisiae.One of the proteins identified in
this screen was the bovine homologue of human growth
factor receptor-bound protein 14 (Grb14) (19). Grb14 is a
member of an emerging family of noncatalytic adapter
proteins that also includes Grb7 and Grb10 (20, 21).
Characteristic features of Grb7 family members include a
central pleckstrin homology (PH) domain, a C-terminal Src
homology 2 (SH2) domain, an N-terminal proline-rich motif,
which is similar to a SH3 binding site, and homology to
Ras-associating (RA) domain. The presence of these func-
tional domains indicates that Grb7 family members poten-
tially interact with a variety of proteins. Grb14 has been
shown to bind to Tek/Tie2, PDGF, EGFR, FGFR, and IR
(22-25). The large number of binding partners for the Grb7
family members suggests that they play key roles as
cytoplasmic signaling intermediates. Recently, we demon-
strated the presence of a NPXY motif in Grb14 and its
interaction with the PTB domain of IRS-1 (19). The present
study describes novel features of Grb14: the presence of a
nuclear localization signal and its localization in the nucleus
and its binding to phosphoinositides both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Materials. Polyclonal anti-IRâ was from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-cJun antibody was
obtained from Cell Signal (Beverly, MA). Anti-PTP1b
antibody was obtained from Upstate Biotechnology, Inc.
(Lake Placid, NY). Monoclonal anti-opsin antibody (Rho
4D2) was a gift from Dr. Robert Molday (University of
British Columbia). Anti-arrestin antibody was a kind gift of
Dr. James F. McGinnis (University of Oklahoma Health
Sciences Center, Oklahoma City). Anti-glutathioneS-trans-
ferase (GST) antibody and glutathione-Sepharose 4B matrix
were obtained from Amersham Biosciences Corp. (Piscat-
away, NJ). Anti-PI-3,4,5-P3, anti-PI-4,5-P2, and anti-PI-3,4-
P2 antibodies and PIP-Strips were obtained from Echelon
Research Laboratories, Inc. (Salt Lake City, UT). Human
insulin R (rDNA origin) was obtained from Eli Lilly & Co.
(Indianapolis, IN). NE-PER nuclear and cytoplasmic extrac-
tion reagent was obtained from Pierce (Rockford, IL). All
other reagents were of analytical grade from Sigma (St.
Louis, MO).

Yeast Two-Hybrid Screen of the BoVine Retinal cDNA
Library. The yeast two-hybrid screen was performed in the
yeast strain L40 using pLexA-IR, which encodes a consti-
tutively activated insulin receptorâ subunit (26) against a
bovine cDNA library from retina cloned in fusion with the
GAL4 activation domain in the pGAD10. The details of the
identification of Grb14 have been described earlier (19). The
full-length p85 cDNA was excised from the pGEX-2T vector
as aBamHI/EcoRI fragment and subcloned into the pAD-
GAL-2.1 yeast vector carrying the GAL4 activation domain
(26).

Nuclear Import Assay.Yeast one-hybrid assay was carried
out according to the method described (27). The nuclear

import vectors were kindly provided by Dr. Citovsky (State
University of New York, Stony Brook, NY). Wild-type and
NLS mutant Grb14 were cloned into pNIA vectors (27).

Filter and Liquid â-Galactosidase Assays.For filter
â-galactosidase assays, yeast patches were replica-lifted onto
Whatman 40 filter paper and grown for 24 h. After being
frozen in liquid nitrogen, these filters were laid over a
Whatman 3 filter soaked in Z buffer [50 mM sodium
phosphate buffer (pH 7.0), 10 mM KCl, and 1 mM MgSO4

with 0.5% â-mercaptoethanol and 0.2 mg/mL 5-bromo-4-
chloro-3-indolylâ-D-galactopyranoside (X-gal)] (Gibco BRL,
Life Technologies). After 2-6 h, the reaction was stopped
by incubating the filters in 1 M Na2CO3 and drying them at
30 °C in an incubator.

For liquid â-galactosidase assays (28), yeast was grown
overnight on appropriate selective media. Cells were pelleted
and resuspended in 5 mL of Z buffer, and the OD600 was
recorded. Eight hundred microliters (either diluted or straight)
was transferred to 1.5 mL Eppendorf tubes. Using a Pasteur
pipet, 1 drop (∼50 µL) of 0.1% SDS and 2 drops of
chloroform were added to each tube, vortexed for 15 s, and
allowed to equilibrate at 30°C for 15 min. Then 160µL of
2-nitrophenylâ-D-galactopyranoside (ONPG, 4 mg/mL in
H2O) was added and vortexed for 10 s, and the tubes were
incubated at 30°C. The tubes were removed after about 15-
20 min (empirically determined by color), and the color was
quenched by adding 400µL of 1 M Na2CO3. The cell debris
was removed by centrifugation, and the OD of the super-
natant was measured at 420 and 550 nm. Results are
expressed as Miller units: one unit ofâ-galactosidase was
defined as 1000× OD420/(OD546 × min).

Retinal Organ Cultures.Retinas were removed from
Sprague-Dawley albino rats that were born and raised in dim
cyclic light (5 lux; 12 h on, 12 h off) and incubated at 37°C
in DMEM medium (Gibco BRL) in the presence and absence
of 1 µM insulin for 0-60 min. At indicated times, retinas
were snap-frozen in liquid nitrogen and stored at-80 °C
until analysis.

Production of Polyclonal Grb14 Antibody.The peptide
TRGCAADRRKKKDLDVLE corresponding to the amino-
terminal region from amino acids 57-74 of bovine Grb14
was synthesized and coupled to keyhole limpet hemocyanin
to generate polyclonal antibodies in rabbits (29). The titer
was determined by ELISA, and the antibodies were affinity
purified (29).

Construction of GST Fusion Proteins and Pull-Down
Experiments.The amino acids of bovine Grb14 present in
each fusion protein are Grb14 full length (1-540), RAS
(86-234), PH (234-341), PH-SH2 (234-341), PIR (342-
438), PIR-SH2 (342-540), and SH2 (439-540). The
indicated regions in each fusion were amplified by PCR and
cloned into either pGEX 2-TK or pGEX-4T-1 or pGEX-
4T-2 GST fusion vectors. Grb14 PIR-SH2 and PIR domains
were also cloned into pTrcHisA vector. The sequence of each
clone was verified by DNA sequencing. All inductions
yielded proteins of the expected size as judged by Coomassie
staining. Pull-down experiments were carried out as described
(26) using 5 µg of GST fusion proteins that had been
adsorbed onto glutathione-Sepharose 4B matrix. Retina
lysates or proteins expressed and purified from bacteria were
incubated with either GST or GST fusion proteins at 4°C
for 1.5 h, with continuous stirring. The Sepharose beads were
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washed three times in 500µL of PBS and centrifuged at
5000 rpm for 30-60 s at 4°C. Bound proteins were eluted
by boiling in 2 × SDS sample buffer 5 min prior to 10%
SDS-PAGE. After SDS-PAGE, the gels were subjected
to Western blot analysis with appropriate antibodies.

Site-Directed Mutagenesis.Site-directed mutagenesis was
carried out according to the method described earlier (26).
The primers used in the site-directed mutagenesis on IRâ
are Y960F (sense, tcaaacccagagttcctcagtgccagt; antisense,
actggcactgaggaactctgggtttg), Y1146F (sense, atgacgagaga-
catcttcgagacagattac; antisense, gtaatctgtctcgaagatgtctctcgtcat),
Y1150F (sense, atctacgagacagatttctatcggaaaggg; antisense,
ccctttccgatagaaatctgtctcgtagat), Y1151F (sense, atctacgaga-
cagattactttcggaaaggg; antisense, ccctttccgaaagtaatctgtctcgta-
gat), Y1316F (sense, agcatcaaacggacctttgatgaacacatc; anti-
sense, gatgtgttcatcaaaggtccgtttgatgct), Y1322F (sense, gaacaca-
tccccttcacccacataacggg; antisense, cccgttcatgtgggtgaaggg-
gatgtgttc), M1325P (sense, ccctacaccccacccgaacgggggcaa-
gaag; antisense, cttcttgcccccgttcgggtgggtgtaggg), K1018A
(sense, gagacccgtgttgcggtggcgacggtcaatgag; antisense, ct-
cattgaccgtcgccaccgcaacacg), Grb14-SH2 (R466A) (sense,
ggagttttcttggtagcggatagtcagagt; antisense, actctgactatccgc-
taccaagaaaactcc), and Grb14-NLS (RK64,65GE) (sense,
gcggcagacaggggagaaaagaaagatctt; antisense, aagatctttcttttctc-
ccctgtctgccgc). After sequencing, IRâ mutants were excised
from the sequencing vector and cloned into the pBTM116
vector; the Grb14 mutants were cloned into the GAL 2.1
AD vector. Plasmid DNA was prepared from IRâ and Grb14
mutants and subjected to yeast two-hybrid assays.

Protein-Lipid OVerlay Assay.Membrane arrays (PIP-
Strips) spotted with 100 pmol of phospholipids were
purchased from Echelon Research Laboratories (Salt Lake
City, UT) and used for protein-lipid overlay assay by
following the manufacturer’s instructions. Briefly, mem-
branes were blocked with 3% (w/v) fatty acid-free bovine
serum albumin (Sigma) in TBST [10 mM Tris-HCl (pH 8.0),
150 mM NaCl, and 0.1% (w/v) Tween 20] for 1 h atroom
temperature. Blocked membranes were incubated with 0.5
µg/mL GST fusion proteins overnight at 4°C with gentle
agitation. They were then washed three times with TBST
plus 3% fatty acid-free bovine serum albumin, after which
the membranes were subjected to Western blot analysis using
anti-GST antibody to detect the bound GST fusion proteins.

Preparation of Retinal Section for Immunocytochemistry.
Rat eyes were fixed overnight at 4°C with 4% paraform-
aldehyde in phosphate-buffered saline (PBS, pH 7.4). The
tissues were rinsed with PBS and immersed in 10%, 20%,
and 30% sucrose in PBS. Samples were embedded in OCT
compound (Sakura, Tokyo, Japan) under liquid nitrogen and
stored at-80 °C. Cryosections (12µm) of tissue were
mounted on slides and air-dried. Retina sections were washed
with PBS containing 0.25% Triton X-100 (PBS-Tx) and
treated for 10 min with PBS containing 3% Triton X-100.
Sections were blocked with 3% normal goat serum in PBS
for 30 min at room temperature and incubated with rabbit
polyclonal anti-Grb14 or nonimmune rabbit IgG as a control
overnight in a moist chamber at 4°C. After washing, slides
were incubated for 1 h with Alexa 488 conjugated goat anti-
rabbit IgG at room temperature. Cell nuclei were stained with
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), and
the Grb14-stained sections were analyzed using an Olympus
laser scanning confocal microscope. Antibody-labeled com-

plexes were examined using Olympus Fluoview Version 4.3
software. For quantitation, all images were captured using
identical microscope and camera settings.

Preparation of Tyrosine-Phosphorylated Proteins.Rod
outer segments (ROS) prepared as described have an
endogenous tyrosine kinase activity (30-32). Tyrosine-
phosphorylated ROS were prepared by incubating ROS for
15 min at 37°C in a phosphorylation buffer (50 mM Tris-
HCl, pH 7.4, 100 mM NaCl, 2 mM MgCl2, 1.0 mM ATP).
Nonphospohorylated ROS were prepared by incubating ROS
in a similar buffer without ATP. After incubation ROS was
solubilized at 4°C for 60 min in a solubilization buffer (50
mM Tris-HCl, pH 7.4, 100 mM NaCl, 1% Triton X-100,
10% glycerol). Retina lysates were solubilized before being
subjected to in vitro phosphorylation. ROS outer segments
were prepared from the rat retinas as previously described
(8).

RESULTS

Identification of Grb14.A bovine retinal cDNA library
(3.6 × 106) was screened against the cytoplasmic domain
of the retinal insulin receptor in yeast two-hybrid assays and
identified Grb14 as one of the interacting proteins. We
isolated 60HIS3and LacZ positive clones, and the majorities
represent the same protein, Grb14. Both strands of cDNA
were completely sequenced using synthetic primers. The
Genbank accession number for the retinal Grb14 is AY772475.
The longest insert contains 2106 bp with an open reading
frame of 1620 bp. This open reading frame is flanked by
189 bp of 5′-untranslated sequence and 297 bp of 3′-
untranslated sequence. The ATG initiation codon is found
at position 190. The single long open reading frame from
the bovine retinal cDNA specifies a protein of 540 amino
acids with a predicted molecular mass of 61039 Da. The
open reading frame terminates with a TAG stop codon at
position 1809. Sequence comparison revealed that bovine
retinal Grb14 displays a high degree of similarity with
Grb14s from other species at the primary structure level. The
predicted retinal Grb14 protein exhibited a 92% identity with
human Grb14 (23), 84% with rat Grb14 (25), and 85% with
mouse Grb14 (24).

Identification of BoVine Retinal Grb14 Domains Binding
to the Retinal Insulin Receptor.Various Grb14 deletion
mutants [RA, PH, PH-SH2, PH-SH2 (R466A), PIR, PIR-
SH2, PIR-SH2 (R466A), SH2, and SH2 (R466A)] were
generated to test their ability to bind to the retinal insulin
receptor. RA, PH, and SH2 domains failed to bind receptor,
but the PIR-SH2 and PIR domains interacted with the retinal
insulin receptor (Table 1), suggesting that the PIR domain
in Grb14 binds to the retinal insulin receptor. It is interesting
to note that when we expressed PH-SH2 and PH-SH2
(R466A) domains, we failed to observe the interaction with
the retinal insulin receptor, suggesting that either these
domains failed to express in yeast or could not be targeting
to the nucleus where the transcriptional activation takes place.
To address these issues, we cloned and expressed the
N-terminal SH2 (N-SH2) domain of the p85 subunit of PI3K
as a GAL4 fusion in the pGAD-GAL4-2.1 vector. This
domain interacts with the retinal insulin receptor in the yeast
two-hybrid system (26). We fused the PH domain from
Grb14 to the N-terminus of the N-SH2 domain of p85 (PH-
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p85); the PH-p85 domain failed to interact with the retinal
insulin receptor (Table 1). Fusion of the PH domain to the
C-terminal end of p85 also did not allow interaction with
the retinal insulin receptor. To confirm the expression of PH-
p85, p85-PH, p85, and PH domains, we expressed these
proteins as GST fusion in bacteria. The purified proteins were
incubated with insulin-stimulated and nonstimulated retinas,
lysed, and subjected to GST pull-down assay followed by
Western blot analysis using anti-IRâ antibody. GST-PH
fusion protein failed to pull down IRâ from either insulin-
stimulated or nonstimulated rat retinas, while the p85 N-SH2,
PH-p85, and p85-PH fusion proteins pulled down IRâ from
insulin-stimulated rat retinas (Figure 1). To confirm the
integrity of the PH domain, we eluted the proteins from
glutathione beads with 10 mM glutathione and subjected the
purified proteins to the protein-lipid overlay assay as
described in Experimental Procedures. The results indicate
that PH, PH-p85, and p85-PH domains bind to phosphoi-
nositides (not shown) in a similar way as described in Figure
5. These experiments clearly indicate that the absence of
interaction of PH-SH2 domains with retinal IRâ in yeast is
due to the mistargeting of the PH domain to the membrane.
The above experiments also suggest that the sequence 5′ to
the PH domain could properly target the Grb14 to the
nucleus.

To identify the target signal, we fused the RA domain to
the N-terminal end of both PH-p85 and p85-PH domains
and carried out a yeast two-hybrid assay. Both these fusions
failed to interact with the retinal insulin receptors (Table 1).
This experiment suggests that Grb14 may contain a nuclear
localization signal upstream to the RA domain.

Identification of the Nuclear Localization Signal (NLS)
in Grb14. To identify the NLS in Grb14, we analyzed the
Grb14 protein sequence using the NLS prediction program
(http://cubic.bioc.columbia.edu/cgi/var/nair/resonline.pl), which

Table 1: Interaction of IRâ with Deletion Mutants of Grb14a

domain amino acids â-gal activityb

FL-Grb14 1-540 +++
RA 86-234 -
PH 234-341 -
PH-SH2 234-540 -
PH-SH2 (R466A) 234-540 -
PIR 342-438 +++
PIR-SH2 342-540 +++
PIR-SH2 (R466A) 342-540 +++
SH2 439-540 -
SH2 (R466A) 439-540 -
p85 (N-SH2) +++
PH-p85 (N-SH2) -
p85 (N-SH2)-PH -
RA-PH-p85 (N-SH2) -
RA-p85 (N-SH2)-PH -
a Yeast two-hybrid assays were carried out as described in Experi-

mental Procedures.b Colony color was assayed in three independent
transformations.+++, strong interaction;-, no interaction.

FIGURE 1: Retinal Grb14 interacting with the activated IRâ. Rat
retinas were dissected and incubated at 37°C in DMEM medium
in the presence and absence of insulin. After incubation, the retinas
were lysed and subjected to GST pull-down assay (125µg) with
GST-PH, GST-PH-p85 (N-SH2), GST-p85 (NSH-2)-PH, or GST-
p85 (N-SH2) followed by Western blot analysis of the bound
proteins with anti-IRâ antibody.

FIGURE 2: Nuclear import assay to identify the functional nuclear
localization signal in Grb14. Wild-type and mutant (substitution
of RK with GE in the NLS sequence) Grb14 cDNAs were cloned
into the pNIA vector, and one-hybrid assay was carried out as
described in Experimental Procedures. Yeast cells were subjected
to liquid â-galactosidase assays (A). To ensure the protein expres-
sion of wild-type and mutant Grb14, yeast cultures were subjected
to Western blot analysis with anti-Grb14 antibody (A, inset).
Positive (VirD2) and negative (VirE2) control vectors were
transformed in yeast, and the cells were subjected to liquid
â-galactosidase assays (B). Data are the means( SD. The asterisk
indicates that the difference between wild-type and mutant Grb14
is significant atP < 0.004 (A) and the difference between VirD2
and VirE2 is significant atP < 0.021 (B). All experiments were
done in triplicate. Cytosolic and nuclear fractions of the retina were
subjected to Western blot analysis with anti-Grb14, anti-cJun, and
anti-arrestin antibodies (C).
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indicated a putative NLS (RRKKD) between amino acids
63 and 68. To determine whether the NLS is functional, we
carried out nuclear import assays. The basic strategy of this
experiment is based on expression in yeast cells of a triple-
fusion protein comprising bacterial LexA, yeast Gal4p
activation domain (Gal4AD), and the tested protein encoded
by a cDNA subcloned in-frame downstream of Gal4AD. If
the tested protein contains a functional NLS, the fusion
product will enter the yeast nucleus. Following the nuclear
import, the LexA domain will target the fusion protein to
the LexA operator sites of the reporter LacZ gene contained
in the L40 yeast strain. Gal4AD then activates the expression
of LacZ, resulting inâ-galactosidase activity. In the absence
of a NLS, the fusion protein is unable to reach the cell
nucleus and does not activate the reporter gene. The wild-
type Grb14 and mutant Grb14 in which the arginine and
lysine (RRKKD) residues in the NLS sequence were mutated
to glycine and glutamic acid (RGEKKD) were subcloned
in-frame downstream of Gal4AD for yeast one-hybrid assays.

Filter (data not shown) and liquidâ-galactosidase assays
indicate that wild-type Grb14 activates the reporter gene,
whereas mutant Grb14 does not (Figure 2A). To verify the
expression of wild-type and mutant Grb14, we lysed the yeast
cells and examined the expression of Grb14 with anti-Grb14
antibody. Grb14 expression was evident in both the wild type
and mutant (Figure 2A, inset). These results suggest that
Grb14 has an active NLS sequence in its amino-terminal end.
Controls (Figure 2B) include VirD2 protein which carries a
NLS sequence while VirE2 protein does not (27).

Expression of Grb14 in Cytosolic and Nuclear Fractions
from Rat Retina.Rat retina lysates were subjected to cytosolic
and nuclear fractionation. SDS-PAGE and Western blot
analysis with anti-Grb14 antibody indicated the presence of
Grb14 in these fractions (Figure 2C). To ensure the purity
of nuclear fractions, nuclear protein cJun and cytosolic
protein arrestin localization was examined in the cytosolic
and nuclear fractions of the retina. Enrichment of cJun in
the nuclear fraction and arrestin in the cytosolic fraction

FIGURE 3: Immunocytochemical analysis of Grb14 in rat retina. Rat retina frozen sections were subjected to immunocytochemistry. (A)
Incubation with anti-Grb14. (B) Incubation with Grb14 and DAPI. (C) Incubation with Grb14 blocking peptide. Key: OS, photoreceptor
outer segments; IS, photoreceptor inner segments; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform cell
layer; INL, inner nuclear layer; IPL, inner plexiform layers; GCL, ganglion cell layer; ILM, inner limiting membrane.

FIGURE 4: Immunolocalization of Grb14 in the nuclear layer of rat retina. Frozen sections of rat retina were subjected to immunocytochemistry
using anti-Grb14, and its immunolocalization was examined in the outer and inner nuclear layers. The sections were stained with DAPI for
visualization of nuclei (A) and Grb14 (A, B). The Grb14 immunorectivity was neutralized with Grb14 blocking peptide (C). Merge of
Grb14 and DAPI (D) and Grb14 staining in the enlarged area (E). A single optical section through nuclei was scanned, and the analysis
indicates the perinuclear and nuclear localization of Grb14 (F). Grb14 is in green, and nuclei are in red (F). Key: ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer.
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further attested to the purity of nuclear fractions (Figure
2C).

Immunocytochemical Localization of Grb14 in the Nuclear
Layer of Rat Retina.Frozen sections were stained with Grb14
(Figure 3A) and DAPI for outer and inner nuclear layers of
rat retina (Figure 3B,C). In the sections incubated with
antibody against Grb14, immunoreactive product is present
in the rod outer segments and several other retinal layers
(Figure 3A,B). Rod outer segments and Muller cells were
heavily stained with Grb14 antibody (Figure 3A,B). The
Grb14 immunoreaction was completely abolished by neutral-
izing the primary antibody before incubation with the peptide
(TRGCAADRRKKKDLDVLE, amino-terminal region from
amino acids 57-74 of bovine Grb14) it was raised against
(Figure 3C). To ensure the labeling of Grb14 in the nuclear
layer, confocal microscopy was used. At high magnification
the results indicate the presence of Grb14 immunoreactivity
in the outer and inner nuclear layers of the retina (Figure

4A,B). The immunostaining of Grb14 was completely
blocked using the peptide from which the antibody was
generated (Figure 4C). Control sections incubated with
normal nonimmune rabbit IgG did not show any reaction
(data not shown). The staining pattern does not rule out
whether the localization of Grb14 is nuclear or perinuclear.
To examine this possibility, a region in the nuclear layer
was selected and examined for the presence of Grb14. The
nuclear layer was positive for the Grb14 immunoreactivity
(Figure 4D,E). The merged image of Grb14 and DAPI
immunostaining clearly indicates increased Grb14 immu-
noreactivity around the nucleus, suggestive of a perinuclear
localization and also some immunoreactivity within the
nucleus (Figure 4D). To further confirm the perinuclear and

FIGURE 5: Site-directed mutagenesis of selected tyrosine residues
in retinal IRâ and its interaction with Grb14. The entire cytoplasmic
domain of the retinal insulin receptor and its mutants were
coexpressed along with Grb14 (A) or p85 (B) and carried out in
yeast two-hybrid assays as described in Experimental Procedures.
Transformants were assayed forâ-galactosidase assay by colony
color. All experiments were done in triplicate.

FIGURE 6: Interaction of Grb14 with activated IRâ. GST and GST-
IRâ fusion proteins were incubated with the PIR-SH2 and PIR
domain followed by GST pull-down assay with anti-His antibody
(A). The blot was also stripped and reprobed with anti-GST
antibody (B). Retinas were cultured in DMEM in the presence of
insulin (1 µM) at different time points. After insulin stimulation,
retinal lysates were subjected to GST pull-down assay with the
GST-PIR-SH2 domain of Grb14 followed by Western blot analysis
with anti-IRâ antibody (C). The blot was stripped and reprobed
with anti-GST antibody to ensure an equal amount of fusion in
each pull down (D).

FIGURE 7: Grb14 enhances the tyrosine phosphorylation of ROS
and the insulin receptor in vitro. Bovine ROS was phosphorylated
in the absence and presence of Grb14 followed by Western blot
analysis with anti-phosphotyrosine (PY-99) antibody (A). The blot
was stripped and reprobed with anti-arrestin antibody to ensure an
equal amount of protein in each lane (B). Retinal lysates were
phosphorylated in vitro in the presence and absence of recombinant
GST-Grb14 (1µg). After phosphorylation the retinal insulin receptor
was immunoprecipitated with anti-IRâ antibody followed by
Western blot analysis with anti-PY99 antibody (C). ROS proteins
were subjected to Western blot analysis with anti-IRâ, anti-Grb14,
anti-PTP1b, and anti-opsin antibodies (D).
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nuclear localization of Grb14, single optical sections through
nuclei were scanned, and the results confirm the perinuclear
and nuclear localization of Grb14 (Figure 4F).

Identification of Grb14 Binding Sites on the Retinal Insulin
Receptor.Wild-type and mutant (Y960F, Y1146F, Y1150F,
Y1151F, Y1316F, Y1316F, Y1322F, M1325F, and K1018A)
IRâs were coexpressed along with wild-type full-length
Grb14, and yeast two-hybrid assays were carried out as
described in Experimental Procedures. Three independent
yeast patches were subjected to LacZ assays. Grb14 formed
a specific complex with the cytoplasmic domain of the insulin
receptor when both were expressed as hybrid proteins in yeast
cells. This interaction is strictly dependent upon receptor
tyrosine kinase activity since Grb14 shows no interaction
with a kinase-inactive receptor hybrid containing a mutated
ATP-binding site (K1018A) (Figure 5A). Substitution of
Y960F did not affect the binding of Grb14 to IRâ, whereas
substitutions of Y1146F, Y1150F, and Y1151F abolished
binding. In addition, substitution of Y1316F, Y1322F, and
M1325P did not affect the binding of Grb14 to IRâ. These
results indicate that Grb14 binds to IRâ on tyrosine residues
1146, 1150, and 1151 (Figure 5A). It has been shown
previously that substitution of Y1146F blocked only 50%
of either full-length rat liver Grb14 or the isolated PIR
domain (25). In the present study, substitution of Y1146F
completely blocks the binding of full-length bovine retinal
Grb14 to IRâ. To confirm whether the generated mutant
Y1146F is functional in the yeast two-hybrid assay, we have
carried out interaction studies with the p85 subunit of PI3K
whose binding site on IRâ is Y1322 (26). Under conditions
where we do not observe the interaction of Y1146F with

Grb14, we do observe the interaction of this mutant with
the p85 (Figure 5B). However, substitution of Y1322F or
K1018A in IRâ abolished p85 binding to the IRâ (Figure
5B). These results clearly demonstrate that the Y1146F
mutation, while abolishing interaction with Grb14, does not
affect the ability of the expressed IRâ to interact with a
different binding partner. Wild-type retinal IRâ interacts with
both full-length Grb14 and p85 (Figure 5B). These results
suggest that Y1146 may be the binding site for Grb14 on
IRâ.

Interaction of IRâ with PIR and PIR-SH2 Domains of
Grb14.The cDNA encoding the PIR and PIR-SH2 domains
was amplified by PCR from Grb14 cDNA, cloned into the
plasmid pTrcHisA vector, and expressed in bacteria as His-
tagged proteins that were purified by Ni+-NTA column
chromatography (data not shown). Purified PIR-SH2 and PIR
fusion proteins were incubated with purified GST and GST-
IRâ. Glutathione-Sepharose 4B matrix was added to the
above mixture and subjected to GST pull-down assay
followed by Western blotting analysis with anti-His antibody.
GST protein failed to pull-down His-PIR-SH2 and His-PIR,
while the GST-IRâ pulled down His-PIR-SH2 and His-PIR
(Figure 6A). These results suggest a direct interaction
between IRâ and Grb14 in the cell-free system.

Interaction of IRâ with the PIR-SH2 Domain of Grb14 in
Retinal Organ Culture.Retinas were stimulated in culture
with insulin (1 µM) at various time points (0, 2, 5, 15, 30,
and 60 min). GST pull-down experiments were carried out
employing GST-PIR-SH2 fusion proteins, and the bound
proteins were subjected to Western blot analysis with anti-
IRâ antibody. The GST-PIR-SH2 domain was capable of

FIGURE 8: Phospholipid binding specificity of the Grb14 PH domain. An equal amount of purified proteins containing various Grb14
constructs (PH, PIR-SH2, and Grb14 full length) was incubated with nitrocellulose strips that had been spotted with various phospholipids.
The bound proteins were detected by Western blotting using anti-GST antibody. The control experiment was carried out with the fusion
protein supplied by Echelon Research Laboratories, Inc.

FIGURE 9: Binding interaction between phosphoinositides and Grb14. Insulin-treated and untreated retinas were lysed and subjected to
immunoprecipitation with anti-PI-3,4,5-P3, anti-PI-4,5-P2, and anti-PI-3,4-P2 antibodies followed by Western blotting analysis with anti-
Grb14 antibody.
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bringing down IRâ from insulin-stimulated retinas (Figure
6B). These results further demonstrate the interaction of
Grb14 with activated IRâ. The blot was stripped and
reprobed with anti-GST antibody to examine the fusion
protein in each lane.

Grb14 Enhances the Tyrosine Phosphorylation of ROS
Proteins and the Insulin Receptor in Vitro.Increased
phosphorylation of several ROS proteins was observed in
the presence of Grb14 (Figure 7A). This increase is not due
to increased protein loading as the arrestin blot shows an
equal amount of protein in each lane (Figure 7B). Further,
we have observed an increase in the insulin receptor
phosphorylation in the presence of recombinant Grb14
(Figure 7C). The increase in ROS and insulin receptor
phosphorylation could be due to the inhibition of protein
tyrosine phosphatase activity. Therefore, we looked for the
expression of PTP1b in ROS, and the results indicate the
presence of PTP1b in the ROS (Figure 7D). Western blotting
analysis of ROS proteins with anti-IRâ, anti-Grb14, anti-
PTP1b, and anti-opsin (outer segment marker) indicates the
presence of all of these proteins in ROS. These results
suggest that Grb14, IRâ, and PTP1b are expressed in the
same cells (Figure 7D).

The PH Domain Mediates Grb14 Interaction with Phos-
phoinositides.To evaluate the binding specificity of Grb14
PH domain to various phospholipids, we employed a
protein-lipid overlay assay using membranes that had been
spotted with an equal amount (100 pmol) of different
phospholipids. The purified GST fusion proteins containing
Grb14 or GST-PH or GST-PIR-SH2 were incubated with
the membrane strips as described under Experimental
Procedures. After washing, the bound GST fusion proteins
were detected by Western blotting with anti-GST antibody.
As expected, the GST and GST-PIR-SH2 domain did not
bind to any of the phospholipids (Figure 7) while GST-Grb14
showed weak binding with various affinities to PtdIns(3,4)-
P2, PtdIns(3,5)P2, PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, and
phosphatidic acid. Similarly, the PH domain alone bound to
these phosphatidylinositol phosphates, in addition to PtdIns-
(4,5)P2 and PtdIns(3,4,5)P3, and exhibited a stronger binding
than the full-length Grb14 (Figure 8). Together, these results
indicate that Grb14 preferentially interacts with D3 and D5
phosphoinositides via its PH domain. These results also
suggest that Grb14 is a phospholipid binding protein.

Association between Grb14 and Phosphoinositides in ViVo.
To evaluate the in vivo association of the Grb14 PH domain
to various phospholipids in retina, we employed retinal organ
cultures that were either stimulated or nonstimulated with
insulin. Retinas thus treated were lysed and subjected to
immunoprecipitation with anti-PI-3,4,5-P3, anti-PI-4,5-P2, or
anti-PI-3,4-P2 followed by Western blotting analysis with
anti-Grb14 antibody. Increased Grb14 was recovered from
anti-PI-3,4,5-P3 immunoprecipitates from insulin-stimulated
retinas compared to non-insulin-stimulated conditions (Figure
9). Grb14 was also recovered from anti-PI-4,5-P2 immuno-
precipitates, although there was no difference between
insulin-stimulated and nonstimulated conditions (Figure 9).
Grb14 recovery was absent in anti-PI-3,4-P2 immunopre-
cipitates (Figure 9).

DISCUSSION

Cells of retina contain high-affinity receptors for insulin
(1, 33-35). We have demonstrated that light stimulates
tyrosine phosphorylation of the IRâ in vivo, which leads to
the association of PI3K with the IRâ (8). The light effect
was localized to photoreceptor neurons and is independent
of insulin secretion (8). Ligand-independent activation of the
insulin receptor has been reported previously (36-39). Two
compounds capable of stimulating insulin receptor autophos-
phorylation by acting on the cytoplasmic domain have been
reported (36, 37). One of these (L783,281) modestly elevates
insulin receptor autophosphorylation in the absence of insulin
(40), whereas the other (TLK16988) potentiates receptor
autophosphorylation in the presence of insulin, suggesting
two different mechanisms of action (39). Structural and
biochemical evidence for an autoinhibitory role for tyrosine
984 in the insulin receptor has been reported (41). Substitu-
tion of tyrosine 984 in theâ sheet-RC cleft with alanine
resulted in the increase of basal level of insulin receptor
phosphorylation. On the basis of these results, it has been
proposed that compounds that bind in theâ sheet-RC cleft
and displace tyrosine 984 should partially activate the insulin
receptor (41). Further, regulation of insulin receptor kinase
activity by phosphatidylinositol in the absence of insulin has
also been reported (38). These studies suggest that the
cytoplasmic domain of the insulin receptor can be autophos-
phorylated independent of insulin. To identify regulators of
the insulin receptor, we used a yeast two-hybrid system to
screen a bovine retinal cDNA library for binding partners
to the cytoplasmic domain of the retinal insulin receptor and
identified Grb14, a member of the Grb7 family (23).

Grb14 was originally cloned as a growth factor receptor-
binding protein by interaction with EGFR, using the CORT
techniques (cloning of receptor targets) (23). However, the
association between EGFR and Grb14 could not be detected
in intact mammalian cells, even upon transient co-overex-
pression. In vitro interaction observed between Grb14 and
platelet-derived growth factor receptors (PDGFR) could not
be confirmed in transformed cell lines either (23). Grb14
has been shown to interact with the insulin receptor,
fibroblast growth factor, and Tek/Tie2 receptors (22, 24, 25).
Grb14 binding to insulin and FGF receptors has been
demonstrated in cell lines overexpressing the proteins, and
the association is dependent on ligand stimulation (24, 25).

We cloned the 41 kDa cytoplasmic region of the retinal
insulin receptor (IRâ) and used the yeast two-hybrid assay
of protein-protein interaction to further study the interaction
between Grb14 and the cytoplasmic region of the retinal
insulin receptor. Grb14 formed a specific complex with the
cytoplasmic domain of the insulin receptor when both were
expressed as hybrid proteins in yeast cells. This interaction
is strictly dependent upon receptor tyrosine kinase activity
since Grb14 shows no interaction with a kinase-inactive
receptor hybrid containing a mutated ATP-binding site
(K1018A). Deletion analysis on Grb14 indicated that the PIR
domain in Grb14 is the minimum domain required for
interaction with the retinal insulin receptor, in agreement with
previous studies (23, 25). Retinal Grb14 binds to the
phosphorylated activation loop of the insulin receptor.
Mutations of the tyrosyl residue of this loop (Y1146F,
Y1150F, and Y1151F) completely block the interaction, and
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this inhibition is quite evident from the in vitro IRS-1 peptide
phosphorylation by the purified insulin receptor in the
presence of the Grb14 PIR domain (19). Rat Grb14, as well
as Grb10, binds to the phosphorylated activation loop of the
insulin receptor, and mutation of the tyrosyl residues of this
loop (Tyr1146, Tyr1150, and Tyr1151) decreases the interac-
tion (21, 25). It has been shown previously that substitution
of Y1146F decreases the binding of either full-length Grb14
or the isolated PIR domain (25). In the present study we did
not observe any interaction between bovine retinal Grb14
and Y1146F mutant IRâ. The observed differences could
be species specific. Absence of interaction between bovine
retinal Grb14 and the Y1150F and Y1151F mutants of IRâs
is in agreement with the previously published studies on
Grb14 and Grb10 (21, 25). The results suggest that Y1146
may be the binding site for Grb14 on IRâ. Further studies,
however, are needed to elucidate the binding site of Grb14
on IRâ.

It is interesting to note that PH-SH2 and PH-SH2 (R416A)
failed to interact with IRâ in the yeast two-hybrid system.
Our results clearly indicate that the lack of interaction was
due to the mistargeting of protein due to the PH domain at
the N-terminal end of the fusion and not to an expression
problem since the expressed protein was found to interact
with IRâ and phosphoinositides in vitro. This observation
is supported by earlier studies showing that IRS proteins were
never isolated in yeast two-hybrid assays as IRâ interacting
proteins in which the PH domain is situated in the N-terminus
of the protein (42). Grb7, Grb10, and Grb14 have been
successfully identified using the yeast two-hybrid approach
when the PH domain was situated in the middle region of
the protein between amino acids 234 and 341 (20, 21, 23).
In addition to the PH domain, Grb14 has a putative nuclear
localization signal (NLS) between amino acids 63 and 68
(RRKKD), and substitution of R64G and K65E in Grb14
failed to localize the protein to the yeast nucleus as shown
by the yeast one-hybrid nuclear import assay (Figure 2).
Western blotting analysis of nuclear fractions isolated from
rat retinas clearly indicates the presence of Grb14 in nuclear
fractions, and the presence of the NLS signal in Grb14 could
have some regulatory role. Our immunocytochemical studies
also confirm the nuclear and perinuclear localization of
Grb14 in the outer and inner nuclear layers of the retina.
Grb14 has previously been shown to co-reside with tankyrase
and tankyrase 2 in a subcellular fraction enriched in Golgi
vesicles and endosomes in DU145 prostate carcinoma cells
(43). A small fraction of the cellular tankyrase pool localizes
to telomeres (44); the majority of tankyrase resides in the
cytoplasm in a perinuclear localization (45, 46). Further
studies, however, are required to examine whether Grb14
interacts with tankyrase in the retinal cells. Recently, we have
identified a NPXY motif in Grb14 and also demonstrated
its interaction with the phosphotyrosine binding (PTB)
domain of IRS-1 in a phosphorylation-independent manner
(19). IRS-1 is known to translocate to the nucleus in response
to vsrc and IGF-1 stimulus and plays a specialized role in
ribosomal RNA synthesis and/or processing (47). This
nuclear translocation is inhibited by deletion of the PTB
domain of IRS-1 (47). We and others have shown that, in
the retina, insulin failed to induce the phosphorylation of
IRS-1 (26, 48). It is tempting to speculate that Grb14 may
also regulate the translocation of IRS-1 to the nucleus in the

retina, and such a possibility cannot be ruled out.
We have immunolocalized the expression of Grb14 to rod

photoreceptors and Muller cells and to some extent in other
retinal cell layers using custom-made polyclonal Grb14
antibodies. Previously, we have reported the immunolocal-
ization of the insulin receptor in the outer and inner segments
of photoreceptor cells using polyclonal IRâ antibodies (34).
Our studies also indicate the expression of Grb14, IRâ, and
PTP1b in ROS. For IR-Grb14 colocalization studies we have
tried several combinations of commercially available anti-
bodies (monoclonal versus polyclonal); however, we failed
to observe reproducible results. Results described in this
report on the immunolocalization of Grb14 in the ROS and
our previous studies on the immuolocalization of the insulin
receptor in ROS (8;34) may at least suggest that they are
present in the same cells.

Several studies have shown that Grb14 may not directly
associate with IRâ but could indirectly regulate either IRâ
or downstream targets of IRâ. Consistent with this hypoth-
esis, Grb14 has recently been shown to regulate the localiza-
tion of 3-phosphoinositide-dependent kinase 1 (49). In the
present study Grb14 enhances the tyrosine phosphorylation
of the insulin receptor, and this increase could be due to the
inhibition of a protein tyrosine phosphatase. Consistent with
this hypothesis, PTP1b is expressed in ROS. Bereziat et al.
(50) reported that Grb14 overexpression reduces the associa-
tion of the insulin receptor and PTP1b in vivo and that
addition of recombinant Grb14 reduces dephosphorylation
of the insulin receptor by this enzyme in vitro. Further,
ablation of Grb14 is shown to result in reduced insulin-
stimulated insulin receptor tyrosine phosphorylation in the
liver due to the activation of PTP1b (51). These studies
suggest that Grb14 may regulate the insulin receptor pathway
in a tissue-specific manner.

The PH domain is a conserved protein module in many
signaling and cytoskeletal proteins, which mediates interac-
tion with various phosphoinositides and in some cases other
proteins in signal transduction (52-55). We showed here
that Grb14 can interact with phosphatidylinositol phosphates
through its PH domain. Interaction of the Grb7 PH domain
with phosphoinositides (56, 57) regulates cell migration (57).
Interaction of phospholipids with PH domain-containing
proteins has been suggested to facilitate protein localization
to the plasma membrane and/or induce conformational
changes of the target proteins (58, 59). Analysis using
protein-lipid overlay assays indicated binding of Grb14 and
its PH domain to D3 phosphoinositides. Our studies also
indicate under insulin stimulated conditions that retinal Grb14
associates with PI-3,4,5-P3, whereas association between
Grb14 and PI-4,5-P2 is insulin-independent. This differential
binding could be due to changes in the relative amounts of
phosphoinositides in the retina and suggests that there could
be more PI-4,5-P2 than PI-3,4,5-P3 under nonstimulated
conditions. Previous studies using radiolabeled inositol have
shown that the enzymes for PI-4,5-P2 synthesis are present
in bovine ROS (60). Further, light adaptation of bovine
retinas in situ stimulates phosphatidylinositol (PI) synthesis
in rod outer segments (60). These studies indicate an active
PI cycle in rod outer segments that can provide substrate
PI-4,5-P2 for phosphorylation by PI3K. Further, our studies
also indicate the rod outer segment localization of Grb14.
All of these observations suggest that Grb14 could also be
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light-activated. Phosphatidylinositol is known to activate the
insulin receptor (38), and binding of Grb14 to phosphoi-
nositides may suggest a role for Grb14 in modulating the
phospholipid levels in the regulation of insulin receptor
signaling. Studies are underway in our laboratory to test this
hypothesis.
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