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ABSTRACT. Recently we have shown that insulin fails to induce the phosphorylation of IRS-1 in the retina
[Rajala et al. (2004Biochemistry 435637-5650], even though there is widespread expression of IRS-1
throughout the retina. These results suggest the expression of tissue-specific regulators in the retina. Yeast
two-hybrid screening of a bovine retinal cDNA library with the cytoplasmic domain of retinal insulin
receptor identified a novel member of the Grb7 gene family, Grb14. Phosphorylation prediction software
indicated 6 out of 18 tyrosine residues were most likely to be phosphorylated. Out of six tyrosine
phosphorylation sites, one of the tyrosine residues in Grb14 is present in a conserved sequence motif,
FXNPXY. The NPXY motifs are recognized by proteins containing a domain known as phosphotyrosine-
binding (PTB) or phosphotyrosine-interacting domain (PID). The biological function of the PTB domain

is to drive recruitment of signaling adapters such as IRS-1 or Shc to NPXpY (pY stands for phosphotyrosine)
on activated receptor tyrosine kinases. We have made a novel finding that the PTB domain of IRS-1
binds to the NPXY motif of Grb14 in a phosphorylation-independent manner. In addition, GHR$41
complexes are detected in lysates prepared from retina tissues. We suggest that the Grb14 NPXY motif
could be acting as a dominant negative for IRS-1 functions in the retina, and this hypothesis is consistent
with the recent study that Grb14-deficient mice exhibit enhanced IRS-1 phosphorylation and activation
of protein kinase B. This is the first report describing the presence of the NPXY motif in Grb14 and
binding of the PTB domain of IRS-1 in a phosphorylation-independent manner.

Cells of bovine and rat retina contain high-affinity recep- on these receptors since these early reports probably due the
tors for insulin L—4). However, little research has been done absence of an identified intracellular target. We have
demonstrated that light stimulates tyrosine phosphorylation
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leads to the direct association of phosphoinositide 3-kinase Plasmid ConstructsCloning of retinal insulin receptor
(PI3K), an antiapoptotic enzyme activity with thedR5). cytoplasmic domain was described earli@). (The cDNA
There is widespread expression of IRS-1 throughout the encoding the cytoplasmic domain of rat insulin receptor
retina, and IRS-1 is found in regions of the retina abundant (amino acids 94+1343) was cloned into a pLexA yeast two-
in insulin receptors, including outer segmengs. We (7) hybrid vector. The cDNA fragments encoding amino acids
and others & have shown independently that insulin 144-316 of IRS-1 (sense, cgcggatccgcgacttgagctatga-
treatment fails to result in phosphorylation of IRS-1, whereas cacgggc; antisense, ccggaattctggttcccacccaccatact) and amino
IRS-2 interacts with the p85 subunit of PI3K in response to acids 591786 (sense, cgcggatccgcctagatgaatacactctc; anti-
insulin (7). Also, insulin-induced activation of Akt was sense, ccggaattcgaggccttcactgectcc) from IRS-2 were ampli-
completely inhibited by the PI3K inhibitor LY294002, fied from first strand cDNA reverse-transcribed from rat
suggesting that insulin receptor/PI3K/Akt signaling is opera- (IRS-1) and mouse (IRS-2) retinal RNA. The PIR-SH2
tive in the retina independent of IRS-1, but dependent on domain (amino acids 342540) was amplified from Grb14
IRS-2. (7). Inactivation of the IRS-1 gene in the mouse by cDNA (sense, tggatcccatatggcatgcagctgtaccag; antisense,
a homologous recombination approach did not result in any gtcgacctaaagtgcaatcctagc). The PCR products were verified
dramatic pathologic phenotype, suggesting the possibleby DNA sequencing, digested with BamHI and EcoRlI, and
existence of alternative signaling pathwa9s1(0). However, cloned into either pTrcHisC (IRS-1) (Invitrogen Life Tech-
it has been shown recently that IRS-2 knockout mice lose nologies, Carlsbad, CA) or pGEX-3X (IRS-1 and IRS-2)
up to 50% of photoreceptors by 2 weeks of age, owing to vectors. The cloning of the GST-p85 N-SH2 (amino acids
increased apoptosisl]). These studies clearly suggest a 314—446) vector was described previousB0J. The PIR-
tissue-specific regulation of IRS proteins in the retina. SH2 domain was cloned into the pGEX-4T-2 vector
To further explore these possibilities, the cytoplasmic (Amersham Biosciences Corp. (Piscataway, NJ).
domain of retinal insulin receptor was used as bait in atwo- The Yeast Two-Hybrid Screen of thesBe Retinal cDNA
hybrid screen of a bovine retinal cDNA library in the yeast Library. The yeast two-hybrid screen was performed in the
Saccharomyces cerisiae.One of the proteins identified in  yeast strain L40 using pLexA-IR, which encodes a consti-
this screen was the bovine homologue of human growth tutively activated insulin receptgs-subunit {) against a
factor receptor-bound protein 14 (Grb14). Grb14 is a member bovine retinal cDNA library (3.6x 1Cf) cloned in frame
of an emerging family of noncatalytic adapter proteins that fusion with the GAL4 activation domain in the pGAD10.
also includes Grb7 and Grb10Z 13). Characteristic features  The bovine retinal cDNA library was kindly provided by
of Grb7 family members include a central pleckstrin homol- Dr. Wolfgang Baehr, University of Utah, Salt Lake City,
ogy (PH) domain, a C-terminal Src homology 2 (SH2) UT. After transformation by the lithium acetate procedure
domain, and an N-terminal proline-rich motif, suggesting a (7), yeast were plated on a tryptophan-leucine-histidine-
putative SH3 binding site. The presence of these functional deficient medium plus 5 mM aminotriazole. Colonies grow-
domains indicates that Grb7 family members have the ing in the absence of histidine were subsequently tested for
potential to interact with a variety of proteins. Grb14 has f-galactosidase activity7]. The plasmids of the library
been shown to bind to Tek/Tie2, PDGF, EGFR, FGFR, and producing yeast colonies of a HitacZt phenotype were
IR (14—17). Insulin-stimulated tyrosine phosphorylation of isolated, and the cDNA inserts of these positive plasmids
IRS-1, Shc, and Dok has shown to be decreased in Grb14-were sequenced.
overexpressing cellslf, 18). The molecular mechanism Grb14 NPXY (199202) Motif Cloning and Phosphory-
behind the decrease in the phosphorylation of IRS-1, Shc,lation. The Grb14 NPXY (amino acids 194233) motif was
and Dok is not known. In proteins such as IRS-1 and Shc, amplified from Grbl4 cDNA employing the following
the PTB domain binds in a phosphotyrosine-dependentprimers (sense, 'Hga tcc gag ttc ttt aaa aac cca atg;
fashion to growth factor receptordd). The present study  antisense, '3gaa ttc tat gtg ctt gaa ctt aga aac. All PCR
describes a novel feature of Grb14, the presence of a NPXY products were sequenced, and the insert was subcloned into
motif, and demonstrates its interaction with the PTB domain the bacterial expression plasmid pGEX-2TK. To investigate
of IRS-1. the role of phosphorylation in the binding between the NPXY
motif of Grb14 and the PTB domain of IRS-1, we made use
EXPERIMENTAL PROCEDURES of a system in which mammalian polypeptides are expressed
Materials. Polyclonal anti-IRS-1 antibody was obtained and inducibly phosphorylated in bacter20f. The pGEX-
from Upstate, Inc. (Lake Placid, NY). Polyclonal antidR  Grb14 NPXY plasmid was co-transformed with plasmid-
antibody was obtained from Santa Cruz Biotechnology (Santaencoding inducible tyrosine kinase (TK) germrdk tyrosine
Cruz, CA). Anti-His antibody was obtained from Cell kinase, according to the method described earkéy. (
Signaling Technology, Inc. (Beverly, MA). Anti-glutathione Site-Directed MutagenesiSite-directed mutagenesis was
Stransferase (GST) antibody and glutathione-Sepharose 4Bcarried out according to the method described earligr (
matrix were obtained from Amersham Biosciences Corp. The primers used in the site-directed mutagenesis are as
(Piscataway, NJ). Ni-NTA Superflow resin was obtained follows: Grb14 NPXY-F197S (sense, gagttctctaaaaacccaat-
from Qiagen, Inc. (Valencia, CA). Human recombinant- gtat; antisense, atacattgggtttttagagaactc); Grb14 NPXY-
insulin receptor kinase-GST fusion was obtained from Y202F (sense, aaaaacccaatgttittitticca; antisense, tggaaaaaaaaa-
Calbiochem (San Diego, CA). We have generated a poly- cattgggttttt). The cDNAs of all mutants were sequenced after
clonal anti-peptide antibody to the amino terminal end of PCR, and the NPXY mutants were excised from the
bovine Grb14 (NH2-(GC) TRGCAADRRKKKDLDVLE- sequencing vector as BamHI/EcoRI fragments and cloned
COOH 57 74). All other reagents were of analytical grade into the pGEX-2TK vector. The proteins were expressed in
from Sigma (St. Louis, MO). bacteria after inducing with 0.1 mM IPTG.



NPXY Motif in Grb14

Tyrosine Kinase Assay GST-fusion protein correspond-
ing in sequence to residues R6397760 of IRS-1 {) was
used as a substrate for insulin receptor kinase. This fragment
contains potential phosphorylation sites, which are the in vivo
binding sites for p85 following tyrosine phosphorylati@i,

The phosphorylation reaction was performed essentially as
described Z0) in a total volume of 25L of 50 mM Tris-
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Insulin - +

GST-IRS-1(PTB)

HCI buffer (pH 7.0), 50 mM MgGJ, 5mM MnCk, 50 mM

NagVO,, 7 ug/mL p-nitrophenyl phosphate, and insulin B

receptor cytoplasmic domain (&g). The reaction was - ‘e R
initiated by adding 2.5uL [y®?P]ATP to reach a final B
concentration of 20(M, and the reaction was terminated

by adding 10uL of 50% (v/v) acetic acid. Twenty-five Insulin g F

microliters of assay mixture was spotted onto phosphocel-
lulose filter paper disks (1.5 cnx 1.5 cm), which were

immersed in a solution containing 0.75% phosphoric acid
(v/v). The filter paper disks containing the bound phospho-
rylated peptide were washed three times with phosphoric acid

GST-IRS-2 [591-786]

and rinsed in acetone. Radioactivity was quantified in 5 mL C § 0 B 1RB
of liquid scintillation cocktail and counted (Ready Safe
Liquid Scintillation Cocktail and Liquid Scintillation Counter, :

Insulin - i

Beckman, Fullerton, CA).

SDS-PAGE and Western Blot AnalgsiProteins were GST-p85 (N-SH2
resolved by SDSPAGE and transferred onto nitrocellulose o P ] ( ) ) ) )
membranes. and the blots were washed two times for 10 minFGURE 1: Characterization of domains capable of interacting with

. : . specific phosphorylation sites in insulin receptor. Rat retinas were
with TTBS (20 mM Tris-HCI (pH 7.4), 100 mM NaCl, and gt jjated in culture with insulin followed by GST pull-down assays
0.1% Tween-20) and blocked with either 10% bovine serum wjth IRS-1 (PTB), IRS-2 (novel domain), and p85 (N-SH2 domain).
albumin or nonfat dry milk powder (Bio-Rad) in TTBS The bound proteins were subjected to Western blot analysis with
overnight at 4°C. Blots were then incubated with anti-His ~ anti-IR3 antibody.

(1:1000), anti-PY (1:1000), anti-Grb14 (1:500), or anti-GST ) o

(1:5000) antibodies overnight at%C. Following primary ~ Proximately 8-fold (0.05 pmol/mol of peptide) in the presence
antibody incubations, immunoblots were incubated with Of the PIR-SH2 domain (Figure 2 A.B). Similar inhibition
HRP-linked secondary antibodies (either anti-rabbit, anti- Of IRS-1 peptide phosphorylation was observed with the PIR

mouse or anti-goat) and developed by ECL according to the domain alone (data not shown). These results suggest that
manufacturer’s instructions. the PIR domain of Grb14 inhibits the insulin receptor kinase

activity. However, this experiment does not address whether
Grb14 contains inhibitory or phosphatase activity.
, Lack of Phosphatase Actly Associated with Grbl14.
Insulin Receptor Pull-Down by GST-IRS-1, GST-IRS-2 and |nsylin receptor kinase assays were carried out with insulin
GST-p85 N-SH2 DomaindRS-1 (PTB domain), IRS-2  receptor cytoplasmic domain employing IRS-1 peptide as
(novel domain) 22), and p85 (N-SH2 domain) were cloned  gypstrate. The experiment was carried out in duplicate, and
and expressed as GST fusion proteins. All these domainsat indicated time points, aliquots were removed and the
were capable of bringing down insulin receptor from insulin-  radioactivity in the substrate peptide was measured. After
stimulated retina lysates (Figure 1). These results suggestg min, one tube was supplemented with GST and the other
that these domains could recognize the specific phosphory-yjith GST-PIR-SH2, and the reaction continued up to 60 min.
lation sites on the insulin receptor. The absence of IRS-1 The PIR-SH2 domain blocks the incorporation of radioactiv-
phosphorylation in response to insulin treatm@hBj is not  jty in the IRS-1 peptide from 2660 min (Figure 2C). These
due to the lack of Y960 phosphorylation in the insulin resyits suggest that the PIR-SH2 domain of Grb14 does not
receptor as GST-IRS-1 brings down the insulin receptor in ¢ontain phosphatase activity; otherwise, we would expect
a phosphorylation-dependent manner (Figure 1). to see a decrease in the incorporated radioactivity after 20
Identification of Grb14Bovine retinal cDNA library was min.
screened against the cytoplasmic domain of the retinal insulin - Tyrosine Phosphorylation Sites on GrbIhe phosphor-
receptor in yeast two-hybrid assays and identified Grb14 asylation site prediction program2g) (http://www.cbs.dtu/
one of the interacting proteins. We have isolated-883 services/NetPhos/) was used to indicate which tyrosine
and LacZ positive clones, and the majority of the clones residues within the retinal Grb14 sequence are most likely
represent the protein Grb14. The Genbank accession numbefg he phosphorylated. This program examines the sequence
for retinal Grb14 is AY772475. context of each tyrosine residue (i.e., the four residues before
Grb14 Is an Inhibitor of Insulin Receptor Kinase Agty. and after each tyrosine) and assigns an output score between
Phosphorylation of the IRS-1 peptide resulted in the incor- 0 and 1. Scores above 0.5 are possible phosphorylation sites,
poration of about 0.4 pmol phosphate/mol of IRS-1 peptide and the higher the score, the more likely a particular site
at 60 min and did not reach plateau level after 60 min (Figure will be phosphorylated. This approach predicts phosphory-
2parts A and B). This stoichiometry was inhibited ap- lation sites in independent sequences with a sensitivity of

RESULTS
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Ficure 2: Time course of phosphorylation of IRS-1 peptide by
insulin receptor in the presence and absence of Grb14 in IR& 1
peptide phosphorylation was carried out bySIR the presence of
either GST or GST-PIR-SH2 domain of Grb14, and the reaction
was initiated by the addition ofyf2P] ATP. At various time
intervals, indicated aliquots were removed and spotted on Pg1 MEG-1
phosphocellulose paper followed by analysis of phosphate incor-

Rajala and Chan

Table 1: Prediction of Tyrosine Phosphorylation on Tyrosine
Residues in Retinal Grb14

position of Tyr sequenée scord prediction
113 VIKVYSEDE 0.008
143 LKNHYIDDH 0.577 “y”
186 ENKQZ?RKN 0.695 "
191 FRKNYAKYE 0.066
194 NYAKYEFFK 0.286
202 KNPMY FFPE 0.571 “y”
234 SSSTYPEIH 0.806 “y”
255 WKKIYFLLR 0.049
264 RSGLYFSTK 0.592 Y
289 NSDIYVSLA 0.987 “y”
304 APTNYGFCF 0.021
342 RLLKYGMQL 0.028
347 GMQLYQNYM 0.336
350 LYQNYMHPY 0.020
354 YMHPYQGRS 0.121
360 GRSGYSSQS 0.122
520 LVEFYQLNK 0.039
534 KLKHYCARI 0.008

aThe amino acid sequence surrounding the Tyr &9hosphory-
lation scores were calculated based on the phosphorylation site
prediction program43). Scores above 0.5 are deemed to be possible
phosphorylation sites, and the higher the score, the more likely a
particular site will be phosphorylated.

GRB14 15
IR 15
EGFR 15
SHIP 15
LDLR 15
LRP 15
APP 15
APLP1 15
APLP2 15
LRE8B 12
VLDLR 12
LRP1 12
TxrKA 15

12
MEG-3 12

poration. The P81 phosphocellulose papers were either subjected gz 3: Alignment of the NPXY motif found in the cytoplasmic
to autoradiography (A) or counted (B). (C) Here, the experiment s of various receptors and cytoplasmic proteins. The multiple

was carried out similar to experiment B except that the fusion was gequence alignment was generated using the clustalw algorithm and
(either GST or GST-PIR-SH2) added 20 min after the reaction was disqplayed us?ng GeneDo%&). g g

initiated. The reaction was followed at the times indicated.

PTB Domain of IRS-1 Binds to the NPXY Motif of Grb14.

69—96% (23). Our analysis indicated that of the 18 tyrosine TO study the interaction between the PTB domain of IRS-1
residues in the Grb14, 12 are unlikely phosphorylation sites, and the NPXY motif of Grb14, we have cloned, expressed,
with scores less than 0.336 (Table 1). The most likely and purified the retinal IRS-1 PTB domain as a His-tagged
tyrosine phosphorylation sites are 143, 186, 202, 234, 264, protein employing Ni-NTA resin (data not shown). The

and 289 (Table 1).

Identification of NPXY Motif in Grb140Out of six

NPXY motif of Grb14 was expressed as a GST fusion protein
as described in Experimental Procedures. To investigate the

phosphorylation sites predicted by the phosphorylation role of phosphorylation on the binding between the NPXY
prediction program, one of the tyrosine residues is presentmotif of Grb14 and the PTB domain of IRS-1, we made use

in a conserved sequence motif, NPXY. This motif is present of a system in which mammalian polypeptides are expressed

between amino acids 19202 in Grb14. Alignment of the
NPXY motif found in the cytoplasmic tail of growth factor
receptors and LDL receptor gene famiB4( 25) are given

in Figure 3. It is interesting to note that at positier2, a
phenylalanine is highly conserved in Grb14, SHIP, LDLR,
LR8B, VLDLR, MEG-1, and MEG-3, where a tyrosine
residue is conserved at2 position in APP, APLP1, and

APLP2. LRP1 and TrKA contain isoleucine at the2

and inducibly phosphorylated in bacteria0). Following
induction of elk expression, the GST-NPXY fusion protein
became phosphorylated on tyrosine, as detected by Western
blotting of isolated GST-fusion proteins with anti-PY
antibodies (Figure 4B). The parental GST protein was not
phosphorylated when coexpressed along with elk tyrosine
kinase (data not shown). The GST fusion proteins in their
nonphosphorylated (NPXY) or tyrosine-phosphorylated (NPX-

position, whereas serine is found at this position in IR and pY) forms were incubated with the purified His-tag PTB

valine in EGFR.

domain of IRS-1, followed by GST pull-down assays. The
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A S . i-His
B . Anti-PY-99
C J—-Anti-GST
+ i 0
GST
GST-NPXY - B
GST-NPXpY - - +
WT F197S Y202F
D m'- Anti-His
GST +
GST-NPXY-  +  + +
Retina
E lysate IRS-1 IP
— . - “ Anti-Grb14
Insulin - +
Control

FicurRe 4: Interaction between the PTB domain of IRS-1 and Grb14
NPXY motif. GST, GST-Grb14 NPXY (nonphosphorylated), and
GST-Grb14 NPXpY (elk phosphorylated) fusion proteins were
incubated with His-tagged PTB domain of IRS-1 followed by GST

pull-down assay. The bound protein was washed and subjected to

Western blot analysis with either anti-His (A) or anti-PY99 (B)
antibodies. The blot (A) was stripped and reprobed with anti-GST
antibody (C). GST and nonphosphorylated forms of GST-NPXY
(wild-type), GST-NPXY (F197S), and GST-NPXY (Y202F) mutant
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DISCUSSION

Using yeast two- and three-hybrid systems, we have shown
that IRS-1 binds to retinal insulin receptor at Y960, IRS-2
at Y1146, Y1150, and Y1151, and p85 subunit of PI3K at
Y1322 (7). In this study, GST-IRS-1 (PTB domain), GST-
IRS-2 (novel domain), and GST-p85 (N-SH2 domain) fusion
proteins were capable of bringing down the autophospho-
rylated insulin receptor. These results suggest that these
domains could recognize the specific phosphorylation sites
on the insulin receptor. IRS-1 binds to phosphorylated insulin
receptor at Y960 4, 22, 26, 27). The absence of IRS-1
phosphorylation in response to insulin treatment in the retina
(7, 8) is not due to the lack of Y960 phosphorylation in the
insulin receptor as GST-IRS-1 brings down the insulin
receptor in a phosphorylation-dependent manner. These
results suggest the expression of tissue-specific regulators
of IRS proteins in the retina.

To identify new binding partners of the retinal insulin
receptor, we chose to screen a library constructed from
bovine retina, a nontarget tissue for insulin. From this library,
we have isolated several clones, and most of the clones
represent the same protein, Grb14. This protein was initially
thought to be expressed only in insulin-responsive tissues
(17), and this is the first study to demonstrate the presence
of Grb14 in retinal tissues.

The phosphorylation prediction program on Grb14 indi-
cated six potential tyrosine residues with scores more than
0.5 (23). We have recently used this program to identify
phosphorylation sites in retinal IR, and the validity of the
prediction was verified by site-directed mutagenesis (

proteins were incubated with His-tagged PTB domain of IRS-1 g pstitution of tyrosine residues with phenylalanine indi-

followed by GST pull-down assay. The bound protein was washed

and subjected to Western blot analysis with anti-His antibody (D).
Insulin- and noninsulin-stimulated retina lysates were immuno-
precipitated with anti-IRS-1 antibody followed by Western blot

vidually in IR predicted by the phosphorylation prediction
program failed to interact with downstream targets in a yeast
two-hybrid system7). Out of six potential phosphorylation

analysis with anti-Grb14 antibody (E). The immune complexes were sites in Grb14, one of the tyrosine residues is present in a

not boiled (to avoid IgG heavy chain interference) but subjected to
incubation at 37°C for 10 min before being subjected to SBS
PAGE. Control immunoprecipitation was carried out omitting retina
lysate.

bound proteins were subjected to SEIRAGE followed by

Western blotting analysis with anti-His antibody. The PTB
domain of IRS-1 was pulled down by both nonphosphory-
lated and phosphorylated NPXY motifs but not by GST
(Figure 4A). The blot was stripped and reprobed with anti-

conserved sequence motif, NPXY, between amino acids 199
and 202 in Grb14. The NPXY motif was absent in Grb7
and Grb1012, 13). Itis possible that other tyrosine residues
in Grb14 may also be involved in intracellular signaling.
The NPXY motif was first recognized in low-density
lipoprotein receptor-related protein (LRP) and subsequently
recognized in numerous other cell surface recep®4s (n
addition to cell surface receptors, the NPXY motif is also
present in the cytoplasmic protein, SHIEB). NPXY signals

GST antibody to ensure the presence of fusion protein (Figurewere initially thought to be involved in endocytosis, but
4C). These experiments indicate that the PTB domain of recent studies have shown that NPXY motifs are recognized

IRS-1 interacts with the NPXY motif of Grb14 in vitro in a
phosphorylation-independent manner.

by proteins containing PTB or PID motifs2%). The
biological function of the PTB domain is to drive recruitment

Our results indicate a phosphorylation-independent binding of signaling adapters such as IRS-1 or Shc to NPXpY on

between the NPXY motif of Grb14 and the PTB domain of
IRS-1. However, substitution of Y202F in the NPXY motif
of Grbl1l4 abolished PTB domain binding (Figure 4D),

activated receptor tyrosine kinases. Some PTB domain-
containing proteins actually display a substantial higher
selectivity for NPXY than for NPXpY Z5), and others bind

suggesting the absolute requirement of tyrosine residue insequences unrelated to this consensuses motif. The Grb14

this interaction. Substitution of F197S did not affect the
interaction of Grb14 NPXY with the PTB domain of IRS-1
(Figure 4D).

Insulin- and noninsulin-stimulated retina lysates were
immunoprecipitated with anti-IRS-1 antibody followed by
Western blot analysis with anti-Grb14 antibody. The results

NPXY motif was found to interact with the PTB domain of
IRS-1 in vitro, and this interaction does not require
phosphorylation. Furthermore, phosphorylated Grb14 NPX-
pY did not increase the binding of the PTB domain of IRS-
1.

In several proteins, PTB domains have been found to

indicate the recovery of Grb14-IRS-1 complexes independentparticipate in phosphotyrosine-independent interaction. The

of insulin stimulation (Figure 4E).

X11 family of proteins contains a PTB domain that binds
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peptides in a phosphotyrosine-independent fast#én The normal insulin receptor phosphorylation but increased IRS-1
homologue of X11 inC. elegansn thelin-10 gene crucial and Akt activation 84). If Grb14 inhibits insulin receptor

for receptor targeting to the basolateral surface of body wall kinase activity in vivo, one would expect to see the absence
epithelia @9). The X11/Lin-10 proteins are found in a of IRS-1 and IRS-2 phosphorylation. Wé) @nd othersg)
complex with two other proteins, Lin-2 and Lin-7, which have shown the absence of IRS-1 and the presence of IRS-2
have also been implicated in basolateral targeting in worm phosphorylation in response to insulin treatment. These
epithelia @9). This protein complex is important in the results suggest that the lack of IRS-1 phosphorylation in the
targeting of cell surface proteins in mammalian neurons andretina is due, at least in part, to Grb14. It appears from our
epithelia. The PTB domain proteins disabled-1 (Dab1l) and data that Grb14IRS-1 complexes are more favorable than
disabled-2 (Dab2) bind to cell-surface receptors of the low- Grbl4—insulin receptor complexes in the retina. Consistent
density lipoprotein receptor (LDLR) family, which contain  with this, we failed to detect the in vivo interaction between
FXNPXY internalization signals in their cytoplasmic do- Grb14 and insulin receptor in the retina (data not shown).
mains in a phosphorylation-independent mani2&; 80). This could be due to either absence of or very weak/transient

The tyrosine residue in the NPXY motif is critical for interactions between insulin receptor and Grb14 which might
binding to PTB domains as substitution of tyrosine with dissociate during the co-immunoprecipitation experiments.
phenylalanine (Y202F) in the Grb14 NPXY motif completely Development of substrate-trapping mutants would identify
eliminated the binding to PTB domain of IRS-1. In proteins such interactions, as demonstrated for the identification of
such as Shc and IRS-1, the PTB domains hind to the NPXY physiological substrates of protein tyrosine phosphat&&gs (
motif in a phosphotyrosine-dependent fashid®)( The On the basis of our data, we suggest that the Grb14 NPXY
NPXY motif in the insulin receptor is essential for IRS-1 motif could be acting as a dominant negative for IRS-1
interaction (9). Substitution of Y960F in IR eliminates functions in retina, and this hypothesis is supported by a
IRS-1 interaction, and also the kinase inactive receptor fails recent study showing that Grbl4-deficient mice exhibit
to interact with IRS-1 suggesting the phosphorylation- enhanced IRS-1 phosphorylation and activation of protein
dependent binding7( 19). kinase B B4).

The phosphorylation dependency and independency of the Emerging evidence which comes from various laboratories
NPXY motif toward PTB domain binding is dictated by the indicates that PTB domain-containing proteins play an
flanking sequences around the NPXY mo#§). The insulin important role in neuronal functions. Disabled (Dab) proteins
receptor NPXY motif has a serine residue at positie®, have an important role in neuronal development in both flies
and the Grb14 NPXY motif has a phenylalanine in this and mammals36, 37). Both Dab-1 and Dab-2 proteins are
position. To examine whether the serine residue confers theexpressed in the retina (Rajala, unpublished data). It is
phosphorylation dependency, we have substituted phenyl-tempting to speculate that overexpression of Grb14 in retina
alanine with serine (F197S), but this mutant still binds to may interfere with the proteins containing PTB domains and
the PTB domain of IRS-1 similar to wild-type NPXY motif.  their intracellular signaling. Studies are underway in our
These results suggest that other residues flanking the NPXYlaboratory to test this hypothesis.
motif could be contributing to confer phosphorylation
dependency. ACKNOWLEDGMENT

There is widespread expression of IRS-1 throughout the
retina, and IRS-1 is found in regions of the retina abundant
in insulin receptors, including outer segmer@s However,
we (7) and others § have shown that IRS-1 is not
phosphorylated in response to insulin, under conditions that
led to the activation of Akt{, 8). Further, insulin stimulated-
tyrosine phosphorylation of IRS-1, Shc, and Dok is also
decreased in CHO-IR/Grb14 cells compared to CHO1R (  NOTE ADDED AFTER ASAP PUBLICATION
18). A similar effect was reported in CHO-IR cells overex-
pressing Grb-IR, an isoform of Grb1(@1). It has been
suggested that the decrease in IRS-1 activation could be du
either to the sequestration of the protein when Grb14 is
overexpressed or to an inhibitory effect of Grb14 on insulin REFERENCES
signaling (L7). These authors also observed phosphorylated

IRS-1 in anti-Grb14 immunoprecipitates from insulin-  1.Havrankova, J., Roth, J., and Brownstein, M. (1978) Insulin
stimulated rat liver 17). trﬁgerp;tto’(lsa?ur;aev;gzeI%/Z?Etég);ted in the central nervous system of
Our studies also suggest that Grb14 does not contain any Waldbi'IIig, R. J., Fletcher, R. T., Chader, G. J., Rajagopalan, S.,
intrinsic phosphatase activity, and the decreased substrate  Rodrigues, M., and LeRoith, D. (1987) Retinal insulin receptors.
phosphorylation of IRS-1 peptide is likely due to the 1. Structural heterogeneity and functional characterizatop,

it ; ; p S Eye Res. 45823-835.
inhibition of '”S“".” rec_eptor kmase. activity. G.rb14.has been 3. Reiter, C. E., and Gardner, T. W. (2003) Functions of insulin and
shown to reduce insulin receptor kinase activity without loss insulin receptor signaling in retina: possible implications for

of autophosphorylation, in part by competing with PTP1b diabetic retinopathyProg. Retinal Eye Res. 2545-562.
binding 32, 33). Tissue-specific differences were found in 4.Yu, X., Rajala, R. V., McGinnis, J. F., Li, F., Anderson, R. E.,

; ; ; ; Yan, X., Li, S., Elias, R. V., Knapp, R. R., Zhou, X., and Cao,
Grb14 knockout mice, such that liver had enhanced insulin W. (2004) Involvement of insulin/phosphoinositide 3-kinase/Akt

receptor phosphorylatiqn a_nd increased IRS-1 tyrosine phos-  gjgnal pathway in 17 beta-estradiol-mediated neuroprotecion,
phorylation and Akt activation, whereas skeletal muscle had Biol. Chem. 27913086-13094.

The authors acknowledge Dr. Robert E. Anderson for his
support and valuable suggestions in this study. We also thank
Dr. Michael H. Elliott for reading this manuscript and helpful
suggestions. The technical help of Ms. Ammaji Rajala is
highly appreciated.

This paper was published prematurely May 13, 2005. The
first sentence of Materials was added, and the corrected paper
fvas published May 13, 2005.



NPXY Motif in Grb14

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rajala, R. V., McClellan, M. E., Ash, J. D., and Anderson, R. E.
(2002) In vivo regulation of phosphoinositide 3-kinase in retina
through light-induced tyrosine phosphorylation of the insulin
receptor beta-subunif, Biol. Chem. 27,743319-43326.

. Gosbell, A. D., Favilla, I., Baxter, K. M., and Jablonski, P. (2000)

Insulin receptor and insulin receptor substrate- in rat retiGdia,
Exp. Ophthalmol. 28212—-215.

.Rajala, R. V., McClellan, M. E., Chan, M. D., Tsiokas, L., and

Anderson, R. E. (2004) Interaction of the retinal insulin receptor
beta-subunit with the p85 subunit of phosphoinositide 3-kinase,
Biochemistry 435637-5650.

. Reiter, C. E., Sandirasegarane, L., Wolpert, E. B., Klinger, M.,

Simpson, I. A., Barber, A. J., Antonetti, D. A., Kester, M., and
Gardner, T. W. (2003) Characterization of insulin signaling in
rat retina in vivo and ex vivoAm. J. Physiol. Endocrinol. Metab.
285 E763-E774.

. Araki, E., Lipes, M. A,, Patti, M. E., Bruning, J. C., Haag, B., lll,

Johnson, R. S., and Kahn, C. R. (1994) Alternative pathway of
insulin signalling in mice with targeted disruption of the IRS-1
gene,Nature 372 186—190.

Tamemoto, H., Kadowaki, T., Tobe, K., Yagi, T., Sakura, H.,
Hayakawa, T., Terauchi, Y., Ueki, K., Kaburagi, Y., and Satoh,
S. (1994) Insulin resistance and growth retardation in mice lacking
insulin receptor substrate-Nature 372 182—186.

Yi, X., Schubert, M., Peachey, N. S., Suzuma, K., Burks, D. J.,
Kushner, J. A., Suzuma, |., Cahill, C., Flint, C. L., Dow, M. A.,
Leshan, R. L., King, G. L., and White, M. F. (2005) Insulin
receptor substrate 2 is essential for maturation and survival of
photoreceptor cells]. Neurosci. 251240-1248.

Han, D. C., Shen, T. L., and Guan, J. L. (2001) The Grb7 family
proteins: structure, interactions with other signaling molecules
and potential cellular function§ncogene 206315-6321.

He, W., Rose, D. W., Olefsky, J. M., and Gustafson, T. A. (1998)
Grb10 interacts differentially with the insulin receptor, insulin-
like growth factor | receptor, and epidermal growth factor receptor
via the Grb10 Src homology 2 (SH2) domain and a second novel
domain located between the pleckstrin homology and SH2
domains,J. Biol. Chem. 2736860-6867.

Jones, N., Master, Z., Jones, J., Bouchard, D., Guniji, Y., Sasaki,
H., Daly, R., Alitalo, K., and Dumont, D. J. (1999) Identification
of Tek/Tie2 binding partners. Binding to a multifunctional docking
site mediates cell survival and migratiod, Biol. Chem. 274
30896-30905.

Daly, R. J., Sanderson, G. M., Janes, P. W., and Sutherland, R.
L. (1996) Cloning and characterization of GRB14, a novel member
of the GRB7 gene familyJ. Biol. Chem. 27112502-12510.
Reilly, J. F., Mickey, G., and Maher, P. A. (2000) Association of
fibroblast growth factor receptor 1 with the adaptor protein Grb14.
Characterization of a new receptor binding partdeBiol. Chem.
275 7771-7778.

Kasus-Jacobi, A., Perdereau, D., Auzan, C., Clauser, E., Van
Obberghen, E., Mauvais-Jarvis, F., Girard, J., and Burnol, A. F.
(1998) Identification of the rat adapter Grb14 as an inhibitor of
insulin actionsJ. Biol. Chem. 27326026-26035.

Hemming, R., Agatep, R., Badiani, K., Wyant, K., Arthur, G.,
Gietz, R. D., and Triggs-Raine, B. (2001) Human growth factor
receptor bound 14 binds the activated insulin receptor and alters
the insulin-stimulated tyrosine phosphorylation levels of multiple
proteins,Biochem. Cell Biol. 7921—32.

He, W., O'Neill, T. J., and Gustafson, T. A. (1995) Distinct modes
of interaction of SHC and insulin receptor substrate-1 with the
insulin receptor NPEY region via non-SH2 domaids, Biol.
Chem. 27023258-23262.

Rajala, R. V., and Anderson, R. E. (2001) Interaction of the insulin
receptor beta-subunit with phosphatidylinositol 3-kinase in bovine
ROS, Invest. Ophthalmol. Visual Sci. 43110-3117.

Backer, J. M., Myers, M. G., Jr., Sun, X. J., Chin, D. J., Shoelson,
S. E., Miralpeix, M., and White, M. F. (1993) Association of IRS-1
with the insulin receptor and the phosphatidylinositekibase.
Formation of binary and ternary signaling complexes in intact
cells, J. Biol. Chem. 2688204-8212.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

35.

36.

37.

Biochemistry, Vol. 44, No. 22, 2005935

Sawka-Verhelle, D., Tartare-Deckert, S., White, M. F., and Van
Obberghen, E. (1996) Insulin receptor substrate-2 binds to the
insulin receptor through its phosphotyrosine-binding domain and
through a newly identified domain comprising amino acids-591
786,J. Biol. Chem. 27,15980-5983.

Blom, N., Gammeltoft, S., and Brunak, S. (1999) Sequence and
structure-based prediction of eukaryotic protein phosphorylation
sites,J. Mol. Biol. 294 1351-1362.

Trommsdorff, M., Borg, J. P., Margolis, B., and Herz, J. (1998)
Interaction of cytosolic adaptor proteins with neuronal apolipo-
protein E receptors and the amyloid precursor protéirgiol.
Chem. 27333556-33560.

Bonifacino, J. S., and Traub, L. M. (2003) Signals for sorting of
transmembrane proteins to endosomes and lysos@nas, Re.
Biochem. 72395-447.

Gustafson, T. A., He, W., Craparo, A., Schaub, C. D., and O’Neill,
T. J. (1995) Phosphotyrosine-dependent interaction of SHC and
insulin receptor substrate 1 with the NPEY motif of the insulin
receptor via a novel non-SH2 domahiol. Cell. Biol. 15 2500~
2508.

O'Neill, T. J., Craparo, A., and Gustafson, T. A. (1994) Charac-
terization of an interaction between insulin receptor substrate 1
and the insulin receptor by using the two-hybrid systéo).

Cell. Biol. 14 6433-6442.

Rohrschneider, L. R., Fuller, J. F., Wolf, 1., Liu, Y., and Lucas,
D. M. (2000) Structure, function, and biology of SHIP proteins,
Genes De. 14, 505-520.

Margolis, B., Borg, J. P., Straight, S., and Meyer, D. (1999) The
function of PTB domain proteingidney Int. 56 1230-1237.
Howell, B. W., Lanier, L. M., Frank, R., Gertler, F. B., and Cooper,
J. A. (1999) The disabled 1 phosphotyrosine-binding domain binds
to the internalization signals of transmembrane glycoproteins and
to phospholipidsMol. Cell. Biol. 19 5179-5188.

Liu, F. and Roth, R. A. (1995) Grb-IR: a SH2-domain-containing
protein that binds to the insulin receptor and inhibits its function,
Proc. Natl. Acad. Sci. U.S.A. 920287-10291.

Cariou, B., Perdereau, D., Cailliau, K., Browaeys-Poly, E.,
Bereziat, V., Vasseur-Cognet, M., Girard, J., and Burnol, A. F.
(2002) The adapter protein ZIP binds Grb14 and regulates its
inhibitory action on insulin signaling by recruiting protein kinase
Czeta,Mol. Cell. Biol. 22 6959-6970.

. Bereziat, V., Kasus-Jacobi, A., Perdereau, D., Cariou, B., Girard,

J., and Burnol, A. F. (2002) Inhibition of insulin receptor catalytic
activity by the molecular adapter Grb14, Biol. Chem. 277
4845-4852.

. Cooney, G. J., Lyons, R. J., Crew, A. J., Jensen, T. E., Molero, J.

C., Mitchell, C. J., Biden, T. J., Ormandy, C. J., James, D. E.,
and Daly, R. J. (2004) Improved glucose homeostasis and
enhanced insulin signalling in Grb14-deficient mi&yiBO J.

23, 582-593.

Flint, A. J., Tiganis, T., Barford, D., and Tonks, N. K. (1997)
Development of “substrate-trapping” mutants to identify physi-
ological substrates of protein tyrosine phosphataBes;. Natl.
Acad. Sci. U.S.A. 941680-1685.

Gertler, F. B., Hill, K. K., Clark, M. J., and Hoffmann, F. M.
(1993) Dosage-sensitive modifiers of Drosophila abl tyrosine
kinase function: prospero, a regulator of axonal outgrowth, and
disabled, a novel tyrosine kinase substr@enes De. 7, 441—
453.

Howell, B. W., Hawkes, R., Soriano, P., and Cooper, J. A. (1997)
Neuronal position in the developing brain is regulated by mouse
disabled-1 Nature 389 733-737.

. Qi, Q., Rajala, R. V., Anderson, W., Jiang, C., Rozwadowski, K.,

Selvaraj, G., Sharma, R., and Datla, R. (2000) Molecular cloning,
genomic organization, and biochemical characterization of myris-
toyl-CoA: proteinN-myristoyltransferase fromrabidopsis thaliana

J. Biol. Chem. 2759673-9683.

BI0500271



