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ABSTRACT: Recently, we have shown that phosphoinositide 3-kinase (PI3K) in retina is regulated in vivo
through light activation of the insulin recept@rsubunit. In this study, we have cloned the 41 kDa
cytoplasmic region of the retinal insulin receptor gRand used the two-hybrid assay of proteprotein
interaction in the yeas$accharomyces cerisiaeto demonstrate the interaction between the p85 subunit

of PI3K and the cytoplasmic region of fRUnder conditions where JRautophosphorylates, substitution

of Y1322F and M1325P in IRresulted in the abolition of p85 binding to thedRconfirming that the

p85 subunit of PI3K binds to Y1322. The binding site for p85 o lRas also confirmed in the yeast
three-hybrid system. Using the C-terminal region offIRamino acids 12931343 encompassing the
YHTM maotif) as bait and supplying an exogenous tyrosine kinase gene to yeast cells, we determined that
the IRB-pYTHM motif interacts with p85. We also used retinal organ cultures to demonstrate insulin
activation of the insulin receptor and subsequent binding of p85, measured through GST pull-down assays
with p85 fusion proteins. Further, the Y960F mutant insulin receptor, which does not bind IRS-1, is
capable of bringing down PI3K activity from retina lysates. On the other hand, in response to insulin,
IRS-2 is able to interact with the p85 subunit of PI3K in the retina. These results suggest that multiple
signaling pathways could regulate the PI3K activity and subsequent activation of Akt in the retina.

A variety of growth factors and hormones mediate their complex is translocated from the cytosol to the plasma
cellular effects via interactions with cell surface receptors membrane, by the direct binding of the p85 SH2 domain to
that possess protein kinase activity 2). The interaction of tyrosine-phosphorylated sites on the recepfo6j. Insulin
most of these ligands with their receptors induces tyrosine receptor activation stimulates intrinsic tyrosine kinase activity
kinase activation and autophosphorylation of the receptor, that leads to autophosphorylation. However, unlike the EGF
resulting in physical association of the receptors with several and PDGF receptors, the phosphorylated insulin receptor
cytoplasmic substrates having SH2 domaiBs4). Phos- does not usually directly associate with SH2 proteifis (
phoinositide 3-kinase (PI3K)has been identified through Rather, the activated insulin receptor usually phosphorylates
its ability to associate with cellular protein kinases, including IRS-1, a principal substrate of the insulin receptor, on
numerous growth factor receptors and oncogene productsmultiple tyrosine residues, which in turn recognizes and binds
3, 4). to the SH2 domain of various signal transduction proteins

PI3K activity increases in response to PDGF binding to (8). With few exceptions g), PI3K is activated when
its receptor, in large part because the class la p85/p110phosphorylated IRS-1 binds to the SH2 domain in itsq85
regulatory subunit, which establishes a direct molecular
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is widespread expression of IRS-1 throughout the re@ ( two-hybrid vector. The full-length cDNA encoding p85 (p85

It has been shown previously that the direct interaction of FL) was a generous gift from Dr. Deborah H. Anderson
the insulin receptor with PI3K represents a minor alternative (University of Saskatchewan, Saskatoon, Canada). The full-
pathway, compared to the tyrosyl-phosphorylated IRS-1, in length p85 cDNA was excised from the pGEX-2T vector as
the activation of PI3K §). Consistent with this suggestion a BanHI/Ecdrl fragment and subcloned into the pAD-

is the observation that the juxamembrane mutant of the GAL4-2.1 yeast vector carrying the GAL4 activation domain.
insulin receptor shows diminished IRS-1 phosphorylation and The cDNA fragments encoding the N-SH2 domain of p85
PI3K activation, despite normal phosphorylation of the and its respective SH2 mutant (R358A) were amplified from
C-terminus 21, 22). On the other hand, inactivation of the the full-length p85 cDNA and subcloned into the pVP16
IRS-1 gene in mice by homologous recombination did not activation domain. The cDNA encoding full-length Grb10
result in any dramatic phenotyp@3 24), suggesting the  (amino acids 4536) 29 was a generous gift from Dr.
possible existence of alternative signaling pathways. The Thomas Gustafson (Metabolex, CA). The Grb10-IR SH2
direct activation of receptor-associated PI3K is important in (amino acids 413536) domain was amplified from the
subcellular fractions such as endosomes, which have beerhuman brain cDNA library (Clontech) employing the primers
shown to contain tyrosine-phosphorylated insulin receptor (sense) cgggatccacgggaggatctccagggaggaa and (antisense)
(25) and PI3K @6). Further, it has recently been shown that, cggaattctcataaggccactcggatgcag and cloned into the pvVP16
in gestational diabetes mellitus, PI3K activity was associated vector. All constructs were verified by DNA sequencing
with IRS, not IRS-1 27). before cloning them into yeast hybrid vectors.

The association of PI3K with tyrosine-phosphorylateg IR~ The cDNA fragments encoding amino acids 816
in retina, independent of IRS-1, led us to speculate that retinalfrom IRS-1 (sense, cgcggatccgcgacttgagctatgacacgggce; an-
IRA could be different from the previously reported insulin  tisense, ccggaattctggttcccacccaccatact) and amino acies 191
receptors or that a different regulatory mechanism could 350 (sense, cgcggatccgctaccgcgaggtgtggeag; antisense, ccg-
control the insulin receptor mediated functions. To further gaattctgctgggggggtggeegce) and 59186 (sense, cgcggatce-
explore these possibilities, we have cloned the 41 kDa gcctagatgaatacactctc; antisense, ccggaattcgaggccttcactgcctcc)
cytoplasmic domain of the retinal insulin receptor and used from IRS-2 were amplified from first strand cDNA reverse
the two-hybrid assay of proteirprotein interaction in the  transcribed from rat (IRS-1) and mouse (IRS-2) retinal RNA.
yeast Saccharomyces cersiae to study the interaction ~ The PCR products were verified by DNA sequencing,
between p85, IRS-1, IRS-2, andfRRetinal organ cultures  digested withBanHI and EcoRl, and cloned into plasmid
were also developed to study the above interactions in PACT2 (ATCC, Manassas, VA), encoding the GAL4 activa-
response to insulin. In this study, we have demonstrated thetion domain.
mechanism of activation of retinal PI3K and subsequent Yeast Two-Hybrid Assayyeast transformations were

activation of Akt. performed by the lithium acetate method as descril3éy (
Briefly, 0.5ug of each plasmid (LexA DNA-binding domain
EXPERIMENTAL PROCEDURES or GAL4 transactivation domain fusion) was used to

simultaneously transform the L40 yeast straMATo

Materials. Polyclonal anti-Ifg, anti-IGF1-R, anti-IRS-1, HIS3A200 trp1-901 leu2-3112 ade2 LYSZlexop)4-HIS3
anti-IRS-2, anti-IRS-3, anti-IRS-4, anti-IRS-1 agarose con- UrA3:(lexAop)8-lacZ GALYthat harbors both His and LacZ
jugate, anti-IRS-2 agarose conjugate, and monoclonal anti-reporters under the control of LexA binding site31)
PY-99 antibodies were from Santa Cruz Biotechnology Transformants were plated on media lacking tryptophan and
(Santa Cruz, CA). Polyclonal anti-p85 antibody was obtained |eycine or tryptophan, leucine, and histidine plus 5 mM
from Upstate, Inc. (Lake Placid, NY). Anti-glutathione aminotriazole. Growth on media lacking tryptophan and
Stransferase (GST) antibody and glutathiei®epharose 4B |eycine secured the presence of both plasmids independently
matrix were obtained from Amersham Biosciences Corp. of protein-protein interactions and further eliminated the
(Piscataway, NJ).)}*PJATP was from New England  possibility of false negatives. Selection on media lacking
Nuclear (BOSton, MA) Echelon Research Laboratories, Inc. tryptophan, |eucine' and histidine p|us 5 mM aminotriazole
(Salt Lake City, UT), provided-myophosphatidylinositol  \was used to detect potential interactions. Cells surviving on
4,5-bisphosphate (PI-4,5)PAnti-Akt, anti-pAkt (Ser473),  these plates were further screened for LacZ phenotype by
Akt kinase assay kit, and HA-tag antibodies were obtained filter assay 32) Lifted colonies were scored for LacZ
from Cell Signaling Technology, Inc. (Beverly, MA). HA  phenotypes by detection of blue color in the presence of
epitope tag agarose conjugate was obtained from Novuss-promo-4-chloro-3-indolyj3-p-galactosidase after incuba-
Biologicals (Littleton, CO). Human insulin R (rDNA origin)  tion at room temperature for 4 h. Positive control constructs
was obtained from Eli Lilly & Co. (Indianapolis, IN). All  sych as TRPCI and PKD38) vectors were transformed in
other reagents were of analytical grade from Sigma (St. 40, whereas PVA3-1 [murine p53 (amino acids—290)
Louis, MO). in pAS2.1; pTD1-1 (SV40 large T antigen (amino acids-84

Plasmid ConstructsThe retinal insulin receptor cytoplamic ~ 708)] was transformed in Y-190 [MPa, ura3-52 his3-20Q
domain (accession number AY566293) was obtained by PCRIys2-801 ade2-101 trp1-901 leu2-2112 gal4\, gal80A,
of reverse-transcribed retina RNA using & &and 3- cyh2, LYS2::GALLas-HIS3rata-HIS3 URA3::GALLas-
oligonucleotides designed on the basis of rat liver insulin GALlrata-lac?) yeast strain.
receptor (sense, ccgtcgacgaattcaggaagaggcagccagat; anti- Interaction Mating.Interaction mating experiments were
sense, cgtcgacttaggaagggttcgacctcggeg@®y) The cDNA carried out as describe®4). L40 yeasts were mated with
encoding the cytoplasmic domain of the rat insulin receptor yeast strain AMR-70 MATo. HIS3A200 lys2 trplleu2
(amino acids 941 1343) was cloned into the pBTM116 yeast URA3::(lexop)8-lacZ GALK Following overnight mating on
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YPD medium, reaction contents were spread on platesdescribed38). 3T3-L1 adipocytes were used as control since
lacking tryptophan and leucine or tryptophan, leucine, and these cells exhibit insulin-induced activation of PI3K through

histidine for selection of diploids. All interactions were tested
in at least three independent transformations.
Filter and Liquid $-Galactosidase Assayd:or filter

the involvement of IRS-1 and IRS-38).
Immunoprecipitation (IP)Retinal lysates were solubilized
for 30 min at 4°C in a lysis buffer containing 1% Triton

[-galactosidase assays, yeast patches were replica lifted ontX-100, 137 mM NaCl, 20 mM Tris-HCI (pH 8.0), 10%

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 KCI, 1 mM Mggj@vith
0.5%pS-mercaptoethanol and 0.2 mg/mL 5-bromo-4-chloro-
3-indolyl 5-p-galactopyronoside (X-gal) (Gibco BRL, Life
Technologies). After 26 h, the reaction was stopped by
incubating the filtersn 1 M NgCO; and drying them at 30
°C in an incubator.

For liquid -galactosidase assay35], yeast was grown

glycerol, 1 mM EGTA, 1 mM MgC4, 1 mM PMSF, 0.2
MM NagVO,, 10 ug/mL leupeptin, and Lg/mL aprotinin.
Insoluble material was removed by centrifugation at 17000
for 20 min, and the solubilized proteins were precleared by
incubation with 4QuL of protein A—Sepharose fol h at 4

°C with mixing. The supernatant was incubated with either
anti-PY (4ug) or anti-IR6 (4 ug) or anti-IRS-1 (2ug) or
anti-IRS-2 (2ug) antibodies overnight at 2C and, subse-
quently, with 40uL of protein A—Sepharose fo2 h at 4

°C. Following centrifugation at 14000 rpm for 1 min,

overnight on appropriate selective media. Cells were pelletedimmune complexes were washed twice with modified

and resuspended in 5 mL of Z buffer, and the dQvas

solubilization buffer (1% Triton X-100 was reduced to 0.1%

recorded. Eight hundred microliters (either diluted or straight) and glycerol was removed) and once with buffer B [50 mM
was transferred to 1.5 mL Eppendorf tubes. Using a PasteurTris-HCI (pH 7.4), 100 mM NacCl, and 2 mM Mgégll

pipet, 1 drop £50 uL) of 0.1% SDS and 2 drops of

Immunoprecipitates were either assayed for PI3K activity

chloroform were added to each tube, which was vortexed or subjected to immunoblot analysis.

for 15 s and allowed to equilibrate at 3G for 15 min. Then
160 uL of 2-nitrophenylj3-p-galactopyronoside (ONPG, 4
mg/mL in H,O) was added, the solution was vortexed for
10 s, and the tubes were incubated af@0The tubes were
removed after about 520 min (empirically determined by
color), and the color was quenched by adding 40Q0of 1

M Na,CO;. The cell debris was removed by centrifugation,

SDS-PAGE and Western Blot AnalysiBroteins were
resolved by 10% SDSPAGE and transferred onto nitro-
cellulose membranes, and the blots were washed two times
for 10 min with TTBS [20 mM Tris-HCI (pH 7.4), 100 mM
NaCl, and 0.1% Tween-20] and blocked with either 10%
bovine serum albumin or nonfat dry milk powder (Bio-Rad)
in TTBS overnight at £C. Blots were then incubated with

and the OD of the supernatant was measured at 420 and 55@nti-IRj (1:250), anti-PY (1:1000), p85 (1:4000), anti-IRS-1
nm. Results are expressed as Miller units: one unit of (1:1000), anti-GST (1:5000) antibodies overnight atCl

f-galactosidase was defined as 1000j@D— (1.75 x
ODssg)l/[(time) x (vol) x ODgoq.

Modified Yeast Two-Hybrid Systerfihese vectors was
kindly provided by Drs. Larry Rohrschneider [pBTM116/
PDGF @6)] and Jonathan Cooper [pBTM116/cSRE7)

Following primary antibody incubations, immunoblots were
incubated with HRP-linked secondary antibodies (either anti-
rabbit, anti-mouse, or anti-goat) and developed by ECL
according to the manufacturer’s instructions.
Phosphoinositide 3-Kinase Assdynzyme assays were

from Fred Hutchinson Cancer Research Center, Seattle, WA.carried out as previously describedd). Briefly, assays were
The modified vector (0 BTM116/PDGF) has a tyrosine kinase performed directly on immunoprecipitates in B0 of the
expression cassette containing the ADHI promoter and thereaction mixture containing 0.2 mg/mL PI-4,5:%0 uM

cytoplasmic domain gfPDGF receptor cDNA; the termina-
tor has been inserted intdPaull site of the pBTM116 vector

ATP, 0.2uCi of [y-*?P]ATP, 5 mM MgC}, and 10 mM
HEPES buffer (pH 7.5). The reactions were carried out for

(36). Tyrosines 1009 and 1021 have been substituted with 15 min at room temperature and stopped by the addition of

phenylalanine to eliminate the binding of proteins having
SH2 domains36). The carboxyl-terminal tail of IR (amino
acids 1293-1343) was amplified from rat retina cDNA
employing primers specific to this region (senseggatc-
ctctcactgtcagagagaagaggct; antisensgaattcttaggaagggt-

100 uL of 1 N HCI followed by 200uL of chloroform/

methanol (1/1 v/v). Lipids were extracted and resolved on
oxalate-coated TLC plates (silica gel 60) with a solvent
system of 2-propanol/2 M acetic acid (65/35 v/v). The plates
were coated in 1% (w/v) potassium oxalate in 50% (v/v)

tcgacctcggega). All PCR products were sequenced, and themethanol and then baked in an oven at 2G0for 1 h prior

insert was cloned into the pPBMT116 and pBTM116/PDGF
vector.
Retinal Organ CulturesRetinas were removed from

to use. TLC plates were exposed to X-ray film overnight at
—70°C, and radioactive lipids were scraped and quantified
by liquid scintillation counting.

Sprague-Dawley albino rats that were born and raised in dim GST-p85 Fusion Proteins and Pull-Down Experiments.

cyclic light (5 lux; 12 h on; 12 h off). Retinas were incubated
at 37°C in DMEM medium (Gibco BRL) in the presence
and absence of insulin for-860 min. At indicated times,
retinas were snap frozen in liquid nitrogen and stored&Qa

°C until analysis. In some experiments, the PI3K inhibitor

Cloning of GST-p85 N-SH2 and GST-p85 N-SH2 (R358A)
was described previously1 ). The amino acids of bovine
p85u. present in each fusion protein are p85 full length- (1
724) and N-SH2 (314446), based on the sequence pub-
lished by Otsu et al.3). The N-SH2 (amino acids 547

LY294002 was added to the culture medium, and the retinas659) and C-SH2 (amino acids 66352) domains of PLE1

were incubated for 3660 min prior to the addition of insulin.
3T3-L1 adiopocytes were kindly provided by Dr. Ann
Louise Olson, Department of Biochemistry, OUHSC. 3T3-

from bovine brain were cloned by reverse transcription
polymerase chain reaction. The sequence of each clone was
verified by DNA sequencing. All inductions yielded proteins

L1 adipocytes were prepared according to the method of the expected size as judged by Coomassie staining. Pull-
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RKRQPDGPMGPLYASSNPEY| SASDVFPSSVYVPDEWEVPREKITLLRELG
QGSFGMVYEGNAKDIIKGEVETRVAVKTVNESASLRERIEFLNEASVMKGFT
CHHVVRLLGVVSKGQPTLVVMELMAHGDLKSHLRSLRPDAENNPGRPPPTL
QEMIQMTAEIADGMAYLNAKKFVHRDLAARNCMVAHDFTVKIGDFGMTRDI
YETDYYRKGGKGLLPVRWMSPESLKDGVFTASSDMWSFGVVLWEITSLAE
QPYQGLSNEQVLKFVYMDGGYLDPPDNCPERLTDLMRMCWQFNPKMRPTF
LEIVNLLKDDLHPSFPEVSFFYSEENKAPESEELEMEFEDMENVPLDRSSHC
QREEAGCREGGSSLSIKRTYDEHIPYTHMNGGKKNGRVLTSPRSNPS

Ficure 1: Retinal insulin receptor cytoplasmic domain flRSchematic representation of the insulin receptor (A) and amino acid sequence
of the rat retinal insulin receptor cytoplasmic domain (B)3IRas cloned from rat retina total RNA by reverse transcription polymerase
chain reaction employing rat liver cDNA primers as described in Experimental Procedures. Autophosphorylation sites for ¥yosine (
residues are underlined. The Genbank accession number for the cytoplasmic domaginoAN566293.

down experiments were carried out as descrill)l (sing followed by 16 cycles at 98C for 30 s, at 55C for 1 min,

5 ug of GST fusion proteins that had been adsorbed onto and at 68°C for 12 min (2 min/kb of plasmid length).

the glutathione-Sepharose 4B matrix. Retina lysates and Following temperature cycling, the reaction was placed on

ROS from insulin treatments were incubated with GST/GST ice for 2 min, after which 10 units of DPN 1 restriction

fusion proteins at £C for 1.5 h with continuous stirring.  enzyme were added, mixed, and incubated at@G7or 60

The Sepharose beads were washed three times ipl500 min. Transformation was carried out by addingl1 of the

HNTG buffer [20 mM HEPES (pH 7.5), 150 mM NaCl, DPN 1 treated reaction mixture to Epicurean XL-blue

0.1% Triton X-100, and 10% glycerol] and centrifuged at supercompetent cells at € for 30 min, followed by 60

5000 rpm for 36-60 s at 4°C. Bound proteins were eluted min at 37°C with shaking. The reaction mixture was then

by boiling in 2 x SDS sample buffer 5 min prior to 10% placed on LB/Amp (10Qtg/mL) plates. The cDNAs of all

SDS-PAGE. After SDS-PAGE, the gels were subjected mutants were sequenced after PCR, and the only mutations

to Western blot analysis with anti-fRanti-IGF1-R, and anti-  observed were those intentionally introduced to create each

IRS-1 antibodies. desired mutation. After sequencing, ARmutants were
Site-Directed MutagenesiSite-directed mutagenesis was excised from the TOPO vector BsdRI/Sal and cloned into

carried out with the Quickchange site-directed mutagenesisthe pBTM116 vector. Plasmid DNA was prepared fron# IR

kit (Stratagene Inc., LaJolla, CA) using a PTC 100 program- mutants and used for yeast two-hybrid assays.

mable thermal controller (MJ Research, Inc., Watertown,  construction and Phosphorylation of IRSS762 A

MA). The reaction mixture contained SDM buffer [200 mM fragment of the IRS-141) corresponding to R657-L760 was
Tris-HCI (pH 8.8), 100 mM KCI, 100 mM (N&.SOx, 20 pCR amplified to contaiBanHl and ECARI restriction sites
mM MgSQ,, 1% Triton X-100, 1 mg/mL nuclease-free ygingpfu polymerase. The primers were (sense strand) 5
bovine serum albumin, 1 mM deoxynucleotide mix (dATP, gccggatccagagtggaccccaatgge and (antisense strand) 5
dCTP, dTTP, and dGTP), 50 ng of vector, and 125 ng of gaggaattcctagaggactggcttgtce. The resulting fragment was
sense and antisense primers W_lth mutatlons] in a total volumegpcloned into PGEX-2TK (Amersham Pharamacia Biotech),
of 50uL, followed by the addition of 2.5 units qifu DNA and the integrity of the construct was verified by sequencing.
polymerase. The primers used in the site-directed mutagen-This fragment contains potential phosphorylations sites,
esis are as follows: Y960F (sense, tcaaacccagagttcctcagiyhich are the in vivo binding sites for p85 following tyrosine
gceagt; anti-sense, actggcactgaggaactctgggtttg), Y1146Fsnosphorylation 42). To verify whether retinal p85 can
(sense, atgacgagagacaicticgagacagattac; antisense, gtaatfiteract with this fragment, we phosphorylated this fusion
gtctcgaagatgtetctegteat), Y1150F (sense, atctacgagacagatttGyyotein inEscherichia colby coexpressing a tyrosine kinase
tatcggaaaggg; antisense, ccctticcgatagaaatctgtetcgtagatyySrRc under the control of different replicons. The phos-
Y1151F (sense, atctacgagacagattactttcggaaaggg; a”tisensshorylated and nonphosphorylateet\(SRC) GST-IRS-1

cectttccgaaagtaatctgtctegtagat), Y1316F (sense, agcatcaaacgss-762 fysjon proteins were purified employing glutathiene
gacctttgatgaacacatc; antisense, gatgtgttcatcaaaggtecgttigatgciyepharose beads.

Y1322F (sense, gaacacatccccttcacccacatfaacggg; antisense,

cccgttcatgtgggtgaaggggatgtgtic), M1325P (sense, ccctaCaCRESULTS

cccacccgaacgggggcaagaag; antisense, cttcttgecceeegttcgggtgggt-

gtaggg), K1018A (sense, gagacccgtgttgcggtggcgacggtcaatgag; Two-Hybrid Assay of Interactions between p85 and.IR
antisense, ctcattgaccgtcgccaccgcaacacg), and p85 N-SH2Ve cloned the 41 kDa cytoplasmic region of the retinal
(R358A) (sense, acctttttggtagcagacgcatctactaaa; antisensénsulin receptor (IR) (Figure 1) and used the two-hybrid
tttagtagatgcgtctgctaccaaaaaggt). Mutations of R358A andassay of the proteinprotein interaction in the yeas$.
R649A (18) were created individually or in combination in  cerevisiaeto study the interaction between the p85 subunit
full-length p85 cDNA. The extension parameters of SDM of PI3K and the cytoplasmic region of the retinal insulin
were as follows: initial denaturation at 9% for 30 s, receptor. The cloned cytoplasmic domain is similar to the
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previously reported insulin receptor cytoplasmic region with A veis P18 bis Al
more than 95% homologyB). Expression of the cytoplas- GAL4 P8BS NgHz Grb10 Grb10 gaL4
mic domain of IR in the absence of. subunits has been GAL4 VP16 I:B5FL, T'S,Hz (R3sen) SH2 FL _ IRS1
shown to be constitutively active, and the protein autophos-  LexAIRp o '.' . Mg
phorylates 44). The p85 subunit formed a specific complex LaxAIRD -

with the cytoplasmic domain of the insulin receptor when (K1018A)

both are expressed as hybrid proteins in yeast cells (Figure

2). This interaction is strictly dependent upon receptor PKD? PTDI1

tyrosine kinase activity, since p85 shows no interaction with . :

a kinase-inactive receptor hybrid containing a mutated ATP-
binding site (K1018A) (Figure 2A). The lysine residue is 3.1
highly conserved in several oncogene products and growth

factor receptors43, 45) and lies in a region homologous to PTD1-1 PKD2
the known ATP-binding site of several proteind6). The C VP16
same mutant receptor expressed in Chinese hamster ovary VP18 N gH2

PBSN-SH2 R35gA

cells has been shown to lack tyrosine kinase activity in vitro

and to be defective in mediating several biological responses | gya irg :".
to insulin @7, 48). McClain et al. 49) have also shown that, o
in Ratl fibroblasts, this kinase-defective mutant receptor does | a1z

not undergo endocytosis and does not mediate ligand K1018A _
internalization or degradation. Further, in our study, the  igpq ﬁ:’ ;
mutant insulin receptor (K1018A) can be expressed in yeast rts
and is readily detectable with specific antibody, suggesting PKD2

that this mutation does not cause the protein to be unstable D
(Figure 9). This observation is further substantiated from the 127 VP16 p85N-SH2
experiments done on retinal organ cultures (Figures 4 and
5) showing that p85 binds to JRonly under insulin- _L
stimulated conditions, attesting to the role of phosphorylation
in the binding between p85 andfRThese data suggest that
the interaction between p85 and receptor is direct and provide
evidence that tyrosine kinase activity is necessary. Substitu-
tion of arginine with alanine (R358A) in the N-SH2 domain
of p85 prevented any interaction with wild-typeARFigure
2A), further supporting the specific interaction between the
N-SH2 domain and phosphorylated tyrosine residues in the R358A
insulin receptor.

Retinal IR interacted with IRS-1 (amino acids 14316), H
full-length Grb10, and Grb10-SH2 domains (Figure 2A). In 0
yeast two-hybrid assays, IRS-44) and Grb10 29) have IRB
been shown to interact with the insulin receptor. To confirm
the .interact_ions, we used two positive controls, which are . - 5. |hteractions of p85, Grb10, and IRS-1 withARn the
the interactions between TRPCI and PDK2 and between p53yeast two-hybrid assay. The entire cytoplasmic domain of the retinal
(PVA3-1) and large T-antigen (PTD1-1) (Figure 2B). insulin receptor and K1018A mutant retinal insulin receptor was

The p85 subunit of PI3K and the insulin receptor were fused to the LexA DNA-binding domain (DBD). Interaction of these

expressed individually in haploid strains, which were sub- HYPrid proteins would be expected to drive expression ofekéop-
| d for Lacz activity af . . .~ lacZreporter gene. Transformants were assayed-galactosidase
sequently assayed for LacZ activity after interaction mating 5sqay by colony color as described in Experimental Procedures (A).

(diploids). There was a positive read-out phenotype in the | exA-TRPCI/GAL4-PKD2, GAL4-murine p53 (PVA3-1), and
wild type and absence of LacZ expression when the K1018A GAL4-SV40 large T antigen (PTD1-1) were cotransformed into
mutant insulin receptor and p85 N-SH2 subunit of PI3K were L40 and Y-190 yeast strains and used as positive controls. Negative

; i, controls include LexA-TRPCI/GAL4-SV40 large T antigen and
used (Figure 2C). Measurement of LacZ enzyme activity murine p53/GAL4-PKD2. Transformants Weregassaye I%F ¢

supported these results (Figure 2D). These interaction-matingaciosidase assay by colony color (B). Tyrosine phosphorylation
experiments further confirm the direct association between and SH2-dependent binding of the retinal insulin receptor and the
p85 and IR in diploid strains. p85 subunit of PI3K were studied through interacting mating. Yeast

Tyrosine Phosphorylation Sites onARThe phosphory- diploids were obtained by mating L40 and transformed with the

. . L . entire cytoplasmic domain (wild type or K1018A mutant) of retinal
lation site prediction programs() (http://www.cbs.dtu/ i, in receptor (LexA DNA-binding domain) and with AMR-70

services/NetPhos/) was used to indicate which tyrosine transformed with constructs carrying VP16-p85 N-SH2 or its mutant
residues within the retinal IRsequence are most likely to  (R358A). For positive control we used TRPCI (L40) and PKD2
be phosphorylated. This program examines the sequencdAMR-70) and carried out the interaction mating experiments as
context of each tyrosine residue (i.e., the four residues beforedescribed above. Transformants were assayefi-fflactosidase

d aft ht . d ) tout bet assay by colony color (C). Yeast cells were grown overnight, and
and after each tyrosine) and assigns an output score betweeg,formants were isolated on selected media. Transformants were

0 and 1. Scores above 0.5 are possible phosphorylation sitesassayed fors-galactosidase activity by the solution assay as
and the higher the score, the more likely a particular site described in Experimental Procedures (D).

VP16 p85N-SH2

B-galactosidase activity (Units)
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Table 1: Prediction of Tyrosine Phosphorylation on Tyrosine
Residues in the Retinal Insulin Receptor Cytoplasmic Domain

Tyr position sequenée scord prediction F
953 MGPLYASSN 0.898 Y P -
960 SNPE LSAS 0.979 Y — B
972 PSSVYVPDE 0.254 —

999 FGMVYEGNA 0.151 = .
1110 DGMAYLNAK 0.272 il
1146 TRDNETDY 0.755 Y

1150 YETI?iYRKG 0.983 Y

1151 ETDYYRKGG 0.833 Y e

1198 AEQFYQGLS 0.547 \4 s, e

1215 MDGGYLDPP 0.966 Y

1266 VSFFYSEEN 0.062 esre -+ -
1316 IKRTYDEHI 0.072 PDGFB - - +
1322 EHIF¥ THMN 0.633 Y

Ficure 3: Expression and phosphorylation of proteins in yeast.
aThe amino acid sequence surrounding the Tyr (jhosphory- cerevisiae L40 stain was transformed with either the LexA vector

lation scores were calculated on the basis of the phosphorylation siteor modified LexA vector carrying either the cSrc or PDBF-

prediction program30) (http://www.cbs.dtu.dlk/serverces/Net.Phos/). receptor. Yeast proteins were prepared by employing the Fast

Scores above 0.5 are deemed to be possible phosphorylation sites, angrotein Red kit (Q Bio gene) and subjected to Western blot analysis

the higher the score, the more likely a particular site will be with anti-PY antibody.

phosphorylated.

This peptide does not contain the autophosphorylation
Table 2: Site-Directed Mutagenesis of Selected Lysine/Tyrosine/ domain. The interaction between SH2 and phosphotyrosine
Methionine Residues in the Retinal Insulin Receptor Cytoplasmic requires tyrosine kinase activity. Since yeSstcereisiae

Domairt . . . . .
may not express tyrosine kinases with appropriate specificity,
Lys/Tyr/Met f-galactosidase activity the two-hybrid system was modified such that the bait
mutation p85 IRS-1 plasmid encoding the LexA-JR(1293-1343) fusion protein
WT +++ +++ also coexpressed a tyrosine kinase. The source of tyrosine
K1018A - - kinase in this vector was the cytoplasmic domain of the
ﬁgggF ij: ;++ BPDGF receptor36). To preclude the SH2 domain binding
Y1322F _ 4+ to the PDGFS receptor, a mutant containing tyrosine to
M1325P - +++ phenylalanine was substituted at 1009 and 1021 in the

aYeast two-hybrid assays were carried out as described in Experi- PDGF?B receptor 86). ThU_S' this tyrosine kinase could
mental Procedures.Colony color was assayed in three independent potentially phosphorylate either the LexA#Ror a cDNA

transformations:+++, strong interaction;-, no interaction. clone expressed as VP16 or GAL4 fusion proteins but should
not compete with targets for binding tofRTo test whether
will be phosphorylated. This approach predicts phosphory- the tyrosine kinase induced phosphorylation in yeast, lysates
lation sites in independent sequences with a sensitivity of of yeast cells expressing either the LexA vector or LexA
69—-96% (0, 51). Our analysis indicated that, of the 13 vector together with the PDGF-receptor or cSrc were
tyrosine residues in the |R five residues are unlikely  immunoblotted and probed with an anti-PY antibody. In the
phosphorylation sites, with scores less than 0.3 (Table 1).absence of tyrosine kinase, there were very low levels of
The most likely tyrosine phosphorylation sites are 953, 960, phosphorylation, while the expression of the tyrosine kinase

1146, 1150, 1151, 1198, 1215, and 1322 (Table 1). resulted in tyrosine phosphorylation of several yeast proteins
p85 Binding to Tyrosine 1322 on MR Substitution of (Figure 3).
Y1322F and M1325P in IR abolished p85 binding to the Interaction between various p85 proteins and tentain-

phosphorylated insulin receptor (Table 2) and confirmed that ing Y1322 (amino acids 12931343) in the presence and
the p85 subunit of PI3K binds to Y1322 in phosphorylated absence of tyrosine kinase activity (PD@Jis presented
IRS (52). Methionine has been shown to be invariably found in Table 3. p85 FL and IR interacted only in the presence
in the +3 position of known PI3K binding siteb8, 53). of tyrosine kinase, demonstrating the necessity of tyrosine
This residue has been selected from the degenerate peptidphosphorylation. However, IRS-1 failed to interact with
library by both p85 SH2 domain&4). In addition, substitu-  pY1322, indicating that Y1322 is the binding site for p85,
tion of YO60F and Y1316F did not affect the binding of p85 but not for IRS-1, on IR.
to IRS, whereas substitution of Y960F abolished binding of  Effect of Length of the Protein on InteractioMild-type
IRS-1 to IRB (Table 2). Since p85 binds to Y1322 onAR IRA containing the kinase domain (amino acids 94843)
it seems unlikely that other tyrosine residues may contribute interacted with p85 FL (Figure 2), as well as with p85 FL
to the p85 binding. Hence, we did not study the interaction containing individual mutations in either N-SH2 (R358A)
of p85 with other mutant tyrosine residues inglRxcept or C-SH2 (R649A) (Table 2). Individually expressed N-SH2
Y960 and Y1316. and C-SH2 domains of p85 also interacted withSIR
Effect of Coexpression of the Insulin Receptor C-Tail, p85 However, neither domain, when mutated and expressed as
Proteins, and Tyrosine Kinase in Yeabb demonstrate that  the truncated protein, interacts withARThis suggests that
Y1332 is the binding site of the p85 N-SH2 domain, we binding by either N-SH2 or C-SH2 domains is sufficient to
cloned the cytoplasmic tail of |R(amino acids 12931343 interact with phosphorylated fRto produce the observed
encompassing Y1322) into the modified pPBTM116 vector. LacZ activation in the yeast two-hybrid assays.
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Table 3: Analysis of the Yeast Three-Hybrid System

p-galactosidase activity
colony coloP

LexA —
LexA-IRA/p85FL -
LexA-IRG/IRS-1 —
LexA/VP16 -
LexA/p85FL -
LexA/PDGF -
LexA-PDGF —
LexA-IRS/p85FL/PDGF ++
LexA-IRS/IRS-1/PDGF —

interaction

@Yeast three-hybrid assays were carried out as described in

Experimental ProceduresColony color was assayed in three inde-
pendent transformations:+++, strong interaction:+-+, moderate
interaction;—, no interaction.

Table 4: Effect of Length of Protein on Interactiéns

DNA-binding activation colony
domain fusion domain fusion color
[ e 0411343 | | paspL 174 |

| Ry 1293-1343] | 585 (NSHD) 314-446

035 (CSHD) 663752

two-hybrid assay

LexA IRB (941-1343)  p85FL (+-724) 4+
LexA IRB (941-1343)  p85FL (+724) R358A +++
LexA IRB (941-1343)  p85FL (+724) R649A 4+

LexA IRf (941-1343)

p85FL (+-724) R358, 649A

LexA IRB (941-1343)  p85 N (SH2) (314446) +++

LexA IRS (941-1343)  p85 N (SH2) (314446) -
R358A

LexA IR( (941-1343)  p85 C (SH2) (663752) +++

LexA IR( (941-1343)  p85 C (SH2) (663752) -
R649A

three-hybrid assay

LexA IRS (1293-1343) p85FL (+724) ++

LexA IRS (1293-1343)  p85FL (+724) R358A ++

LexA IRS (1293-1343) p85FL (+724) R649A ++

LexA IRB (1293-1343)
LexA IRB (1293-1343)
LexA IRB (1293-1343)

LexA IRB (1293-1343)
LexA IRS (1293-1343)

pS5FL (1-724) R358, 649A

p85 N (SH2) (314446)

p85 N (SH2) (314446)
R358A

p85 C (SH2) (663752)

p85 C (SH2) (663752)

R649A
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Ficure 4: Time- and concentration-dependent activation of insulin
receptor in retinal cultures. Retinas were cultured in DMEM in the
presence and absence of insulin at different times (A) and at various
concentrations of insulin (B). After insulin stimulation, retinal
lysates were immunoprecipitated with PY-99 antibody and immu-
noblotted with anti-I@ antibody (C). TLC autoradiogram of PI3K
activity measured in anti-IRIPs of insulin and unstimulated retinas
using PI-4,5-Rand [y-32P]ATP as substrates (D). The radioactive
spots of PI-3,4,5-Pwere scraped from the TLC plate and counted
(E). Data are the meait SD (n = 3).

p85 FL but not with its expressed N-SH2 and C-SH2
domains. These results suggest that, for efficient binding

a Yeast two- and three-hybrid assays were carried out as describedP?@fWeen the phosphorylated tyrosine residue i éiRd the
in Experimental Procedures. Numbers in parentheses indicate the lengttSH2 domains in p85, one protein should be longer in length

of the protein expressed (amino acidsLolony color was assayed in
three independent transformations:++, strong interaction;++,
moderate interaction:-, no interaction.

Coexpression of the C-terminal tail of fRamino acids
1293-1343) with a tyrosine kinase led to an interaction with
p85 FL (amino acids +724) (Table 4). p85 FL containing
individual mutations in either N-SH2 (R358A) or C-SH2
(R649A) still interacted with IR. However, simultaneous

(either IR3 or p85) than the other.

Activation of the Insulin Receptor by Insulin in Organ
Cultures. Addition of insulin to the DMEM incubation
medium resulted in activation of the insulin receptor,
measured by receptor phosphorylation in GST pull-down
assays. Under phosphorylation conditions (presence of
insulin), the p85 N-SH2 domain of PI3K could pull down
IRj as detected on the Western blots probed with anti-IR
antibody. These results further confirm our observations of

substitution of alanine for arginine at positions 358 and 649 the endogenous interactions betweefi #d p85 18). More

in p85 FL completely abolished this interaction. It is

IRS was recovered in GST pull downs at longer incubation

interesting to note that neither N-SH2 nor C-SH2 domains times (Figure 4A). Likewise, more |Rwas recovered as
of p85, as well as their respective mutants, interacted with the concentration of insulin was increased from 1 to 1000
IRS when expressed as small domains and tested individu-nM (Figure 4B). Receptor phosphorylation was confirmed

ally. These experiments indicate thafflRontaining amino
acids 9411343 (41 kDa) interacts with p85 FL as well as
with N-SH2 and C-SH2 domains of p85, whereass IR
containing amino acids 1293 343 (5.5 kDa) interacts with

in anti-PY immunoprecipitates of insulin-treated and un-
treated retina lysates by probing with antifiRintibody.
Increased IR signal was present in Western blots of anti-
PY-99 IPs, demonstrating a dose-dependent phosphorylation
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(R358A)
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D I IRS-1

Insulin + + + +

Ficure 5: GST pull-down experiments. Rat retinas were dissected
and incubated at 37C in DMEM medium in the presence and
absence of insulin. After incubation, the retinas were lysed and
subjected to GST pull-down assay (12%) with GST, GST-p85N-
SH2 (R358A), GST-p85N-SH2, or GST-p85 full-length fusion
proteins (A), followed by Western blot analysis of the bound
proteins with anti-Ig antibody (B). The blot was stripped and
reprobed with either anti-IGF1-R (C) or anti-IRS-1 (D) antibodies.

of IRS in response to insulin (Figure 4C). Higher PI3K
activities were observed in the antifRIPs of insulin-
stimulated retinas (Figure 4D,E). Cell culture studies in other

Rajala et al.

N-SH2 C-SH2 N-SH2 C-SH2

s R}

Insulin - - +

GST-PLCy1

FIGURE 6: GST pull-down experiments. Insulin-stimulated and
unstimulated retinas were lysed and subjected to GST pull-down
assays (12kg of protein) with GST fusion proteins of the N- and
C-SH2 domains of PLE1. Western blot analysis of the bound
proteins was probed with anti-fRantibody.

can interact with IRS-1, we constructed a GST fusion protein
encompassing the binding sites of p85 (Figure 7A), as
described in Experimental Procedures. The GST vector and
GST vector containing the p85 binding sites of IRS-1 were
either expressed or coexpressedBn coli along with a
tyrosine kinase (VSRC). Bacterial cultures were subjected
to SDS-PAGE followed by Western blotting analysis with
anti-Src (Figure 7B), anti-PY (Figure 7C), or anti-GST
(Figure 7D) antibodies. The presence of VSRC expression
in the bacterial cultures indicates that the tyrosine kinase is
stable inE. coli (Figure 7B). To determine whether the fusion
protein is phosphorylated by tyrosine kinase, an identical blot
probed with anti-PY antibody (Figure 7C) showed phospho-
rylation of GST-IRS-$56762 only when it was coexpressed
with VSRC. None of the proteins in tHe. coli lysates was
phosphorylated by VSRC. Autophosphorylation of VSRC

laboratories have used concentrations of insulin between 10occurred inE. coli expressing either GST or GST fusion

and 1000 nM 9, 13, 55). In our study, we used 1000 nM

insulin in most of the experiments unless otherwise indicated.

Insulin-Dependent Binding of p83.0 characterize the

proteins (Figure 7C). The same blot shown in Figure 7B was
reprobed with anti-GST antibody without stripping and
showed the presence of GST and GST-IRS-15? in the

binding of p85 to the phosphorylated insulin receptor, we appropriate lysates (Figure 7D). The results presented in
used GST fusion proteins of either full length or the N-SH2 Figure 8C,D demonstrate the unique property of Bucoli
domain of the regulatory subunit of PI3K. Insulin-treated expression system that allows coexpression of several
and untreated retinas were lysed and subjected to GST pull-proteins (VSRC and GST or GST-IRS-1) in the same cell.
down assays with the GST fusion proteins, as listed in Figure The phosphorylated and nonphosphorylated GST-IRS-
5A. GST and the GST-p85 N-SH2 (R358A) mutant protein 1596762 fusion proteins were purified by employing glu-
failed to pull down IRS from either insulin-stimulated or  tathione-Sepharose beads. Phosphorylated (three individual
unstimulated rat retinas, while the p85 N-SH2 domain or clones) and nonphosphorylated (two individual clones) fusion
p85 full-length protein pulled down IR from insulin- proteins were subjected to SBBAGE followed by Western
stimulated rat retinas (Figure 5B). This blot was stripped blotting analysis with anti-PY (Figure 7E) and anti-GST
and individually reprobed with anti-IGF1-R and anti-IRS-1 antibody (Figure 7F). The results indicate that the tyrosine
antibodies. The GST-p85 wild-type fusion proteins do not phosphorylation is stable in the fusion proteins, and the GST
bring down either IGF1-R (Figure 5C) or IRS-1 (Figure 5D) blot indicates the amount of fusion in each experiment.
proteins, although both proteins are expressed in retina. Thesé®hosphorylated and nonphosphorylated GST-IRS-%2
results demonstrate that insulin does not activate IGF1-R infusion proteins were incubated with lysates from insulin-
the retina and that the interaction of the insulin receptor with stimulated and nonstimulated retinas and subjected to GST
the p85 subunit of PI3K is independent of IRS-1. This is pull-down assays. The results indicate that p85 was bound

not the case in other cell types, where the interaction betweento phosphorylated GST-IRS® 762 under both experimental

the insulin receptor and PI3K is mediated through IR&2).(
Insulin-Dependent Binding of PLy&. To determine if IR
can interact with proteins other than p85 that contain SH2

conditions but not to nonphosphorylated GST-IR8162
(Figure 7G). To determine whether the phosphorylation of
GST-IRS-$%6762 js stable during GST pull downs, we

domains, retinas were incubated in the presence and absenceeprobed the blot with anti-PY antibody. The results indicate

of insulin, followed by GST-pull-down assays of the retinal
homogenates with N-SH2 and C-SH2 domains of pPLC
Insulin-stimulated IR interacted specifically with the C-SH2
domain of PLG1 but not with the N-SH2 domain (Figure
6). These results suggest thapiRay also regulate the light
activation of PL@’1 in the retina, which has been reported
previously 66).

Binding of the p85 Subunit of PI3K to the Phosphorylated
Fragment of IRS-1 in VitroTo verify whether retinal p85

phosphorylation on the fusion protein (Figure 7H), although
the amount of phosphorylated GST fusion protein was
reduced (Figure 7I), suggesting that the phosphorylated
fusion protein might be targeted to some degradation. This
also occurs when we coexpress either GST or GST-IRS-
16567762 glone with VSRC; the expression of these proteins
is significantly reduced compared to their expression pattern
in the absence of VSRC (Figure 7D). These experiments
demonstrate that phosphorylated IRS-1 is able to bind p85.
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A 656RVDPNGYMMMSPSGGCSPDIGGGPSSSSSSSNAVPSGT
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FiGure 7: Expression of phosphorylated GST-IR%%1762 and its binding to the p85 subunit of PI3K. The region between amino acids
656 and 762 was PCR-amplified from IRS-1 cDNA (A) and subcloned into pGEX-2TK vector. GST and GSPRS2tonstructs were

either expressed alone or coexpressed along with a tyrosine kinase VSRC. p85 binding sites on IRS-1 are underlined (A). Bacterial cultures

were subjected to SDSPAGE followed by Western blotting analysis with anti-Src (B), anti-PY (C), and anti-GST (D) antibodies.
Phosphorylated and nonphosphorylated GST-I1RE3=152 fusion proteins were purified employing glutathier8epharose beads, and the

purified proteins were Western blotted with anti-PY (E) and anti-GST (F) antibodies. Rat retina lysates were incubated with either

phosphorylated or nonphosphorylated GST-IRS=162 fusion proteins and subjected to GST pull-down assays. The bound proteins were
washed, boiled, and subjected to SEFSAGE followed by Western blot analysis with anti-p85 (G), anti-PY (H), and anti-GST (l) antibodies.

In addition, we have also observed a decrease in theendogenous p85 interacts with IGF1-R in ATP-treated bovine
phosphorylation signal on the fusion proteins, when we retinal rod outer segments, whereas endogenous interaction
incubated retina lystates during pull-down assays (data notbetween p85 and IRS-1 is much weaker/absent compared to
shown). This decrease could be due to the presence of arthe interactions between fRand p85 (data not shown).
active tyrosine phosphatase in the retina/rod outer segments, Interaction of Retinal IR with IRS-1 and IRS-2BT3-L1
as has been reported previoushry; adipocytes and rat retinas were stimulated in culture with
Effect of Insulin on IRS-1 PhosphorylatidrRetinas were and without insulin, and lysates were immunoprecipitated
incubated with and without insulin, followed by either GST with either anti-IRS-1 or anti-IRS-2 agarose conjugate
pull-down assay with the GST-p85 N-SH2 domain of p85 followed by immunoblotting with the anti-p85 antibody. The
or immunoprecipitation with the anti-IRS-1 antibody. In- IRS-1 interacted with the p85 subunit of PI3K in 3T3-L1
creased IR was found in insulin-stimulated p85 pull-down adipocytes, and the increase in p85 binding was quite evident
assays (Figure 8C). IRS-1 IPs probed with anti-IRS-1 under insulin-stimulating conditions (Figure 9A). Retinal
antibody indicated similar amounts of IRS-1 in insulin- and IRS-1 failed to interact with the p85 subunit of Pl 3K in
non-insulin-stimulated conditions (Figure 8A), but IRS-1 was both insulin- and non-insulin-stimulated conditions (Figure
not tyrosine phosphorylated in either condition as determined 9A). To rule out the possibility that IRS-2 or another IRS
with anti-PY antibody (Figure 8B). This experiment clearly family member (IRS-3 and IRS-4) might be involved in the
demonstrates that, in these retinal explants, IRS-1 is notinsulin-induced activation of PI3K, we examined the expres-
tyrosine phosphorylated by the insulin receptor. Total Akt sion of IRS-2, IRS-3, and IRS-4 in rat retinal homogenates.
levels examined with anti-Akt antibody showed similar We observed the expression of IRS-2 in the retina in addition
amounts of Akt protein in insulin-stimulated and non-insulin- to IRS-1; however, IRS-3 and IRS-4 expression was absent
stimulated conditions (Figure 8F). However, Ser 473 phos- (data not shown). We also observed the presence of IRS-1
pho-Akt levels were higher in insulin-stimulated retinas and IRS-2 messages in mouse and rat retina by semiquan-
compared to non-insulin-stimulated retinas (Figure 8E). The titative RT-PCR (data not shown).
phosphorylation of Akt was reduced when the retinas were In this study, we cloned the cDNA fragments encoding
incubated with PI3K inhibitor LY294002 prior to the addition the retinal IRS-2 PTB domain (amino acids +850) and
of insulin (Figure 8G), although total Akt levels were similar a region between amino acids 59286 in IRS-2, which were
in both conditions (Figure 8H). These results suggest that expressed as in-frame fusion to the GAL4 activation domain
insulin-stimulated Akt activation is mediated through PI3K, and subjected to yeast two-hybrid assay with retingd.IR
and this activation appears to be independent of IRS-1 The retinal IRS-1 PTB domain (amino acids 431.6) was
involvement. also expressed as GAL4-fusion and used in yeast two-hybrid
Endogenous interactions between p85 anfl idve been assays. The PTB domain of both IRS-1 and IRS2 (data not
reported previously18). We have also observed that the shown) and a region between amino acids-5836 in IRS-2
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Ficure 8: Insulin-induced activation of Akt. Rat retinas were ®
dissected and incubated in DMEM medium with or without insulin ‘ .~ p85
(100 nM). After incubation, the retinas were lysed, and A§®f nsui
nsulin + + +

protein was subjected to GST pull-down assay with the GST-p85N-
SH2 domain followed by Western blot analysis with antBIR

FiGure 9: Interaction of IRS-1 and IRS-2 with retinal fR3T3-

antibody (C) and anti-GST antibody (D) to examine the amount of | 1 adipocytes and rat retinas were stimulated in culture with and
fusion protein. Retina lysates (15@) were subjected to immu-  \ithout insulin. After insulin stimulation, retinal lysates were
noprecipitation with anti-IRS-1 antibody and subjected to Western jmmunoprecipitated with anti-IRS-1 agarose conjugate and immu-
blot analysis with anti-IRS-1 (A) and anti-PY antibody (B). Twenty ~noplotted with anti-p85 antibody. Rat retina and 3T3-L1 adipocyte
micrograms of retina lysate was subjected Western blot analysis|ysates were used as control. The heavy chain of IgG indicates an
with anti-Akt (F) and anti-phospho-Akt (Ser 473) (E) antibodies. equal amount of antibody in all the lanes (A). The L40 yeast strain
Rat retinas were preincubated in DMEM medium with or without \yas transformed with either LexA-JRand IRS-1 (amino acids
the PI3K inhibitor LY294002 (5@M) for 60 min prior to insulin 144-316) or LexA-IR3 and IRS-2 (amino acids 591786), and
treatment. Twenty micrograms of retina lysate was subjected 0 the yeast two-hybrid assay was carried out as described in
Western blot analysis with anti-phospho-Akt (Ser 473) (G) and total Experimental Procedures. Three independent transformants were
Akt (H) antibodies. In similar experiments, retinas were lysed and assayed fop-galactosidase activity for colony color (B). 3T3-L1
subjected to GST pull-down assay (12§) with GST-p85 N-SH2,  adipocytes and rat retinas were stimulated in culture with and
followed by Western blot analysis of the bound proteins with anti- \ithout insulin. After insulin stimulation, retinal lysates were

IRA antibody (I). Retina lysates (12%g) were also immunopre-  immunoprecipitated with anti-IRS-2 agarose conjugate and immu-
cipitated with anti-Akt antibody, and the IP was used to measure popotted with anti-p85 antibody (C).

the phosphorylation of GSKe3f (Ser 21/9). Phosphorylation
products were run on SDSAGE followed by Western blot
analysis with anti-phospho-GSK-3 antibody (J). All experiments
were run at least in triplicate.

the pull downs. Increased binding of fRvas present in GST
pull downs of insulin-stimulated retinas compared to non-
insulin-stimulated retinas (Figure 8I). It is interesting to note
that LY294002 did not affect the binding of the p85 subunit
of PI3K to the phosphorylated insulin receptor (Figure 8l).
Insulin-induced phosphorylation of GSKa (Ser 21/9) by
Aktwas reduced in retinas pretreated with LY294002 (Figure
8J). These results suggest that insulin mediated its effects
via the insulin receptor in the activation Aktin these retinal
cultures.

Binding of the p85 Subunit of PI3K to the Insulin Receptor
with the Y960F Mutationlt is known that IRS-1 binds to
the NPXY motif on the insulin receptor cytoplasmic domain

were found to interact with retinal JRin yeast two-hybrid
assays (Figure 9B).

Rat retinas were stimulated with insulin at various time
points followed by immunoprecipitation of retinal lysates
with anti-IRS-2 antibody and immunoblotting with anti-PY
antibody. IRS-2 was phosphorylated within 2 min after
insulin stimulation (data not shown).

To examine whether IRS-2 is involved in the activation
of retinal PI3K, we immunoprecipitated the lysates from
insulin- and non-insulin-stimulated rat retinas and 3T3-L1
adipocytes with anti-IRS-2 antibody. The immunoprecipitates (58) and that mutation in Y960F in the insulin receptor
were subjected to immunoblot analysis with anti-p85 anti- abolishes the binding of IRS-121). To demonstrate the
body, and the results indicate that IRS-2 is able to bring down direct binding of PI3K to the insulin receptor in the absence
p85 from both rat retina and 3T3-L1 adipocytes. These resultsof IRS-1, we expressed the insulin receptor with a Y960F
suggest that IRS-2 could be involved in the activation of mutation, as well as with a Y1322F mutation, which does
PI3K in the retina (Figure 9C). not interact with the p85 subunit of PI3K, and a K1018A

Role of PI3K in Insulin-Stimulated Phosphorylation of mutation, which results in a kinase-dead insulin receptor.
GSK-31/p (Ser 21/9) by AktRetinas were preincubated in ~ We introduced a hemagglutinin (YPYDYPDYA) tag at the
culture medium with or without the PI3K inhibitor LY294002 amino-terminal end of the insulin receptor to facilitate the
for 60 min prior to the addition of insulin. Retina lysates pull-down experiments. Insulin receptor mutant proteins were
were prepared, subjected to GST pull-down assay with theexpressed in yeash. cereisiae, and the proteins were
GST-p85 N-SH2 domain of PI3K, and examined fof5IR isolated using Y-PER extraction reagent (Pierce, Rockford,
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Y960F Y1322F K1018A IRS-2
A HA-IRB
— — — a—p - X e
g W% o psse, WwT - 2 * '
. e :’ e - e
—. . Crigin
Mut‘-':ln.t Insulin Re.ceptors o . . K1018A “:’ ; '—. - -
Ficure 10: PI3K activity associated with insulin receptor contain- g -

ing a Y960F mutation. The cytoplasmic domains of the insulin

receptor containing mutations in either Y960F, Y1322F, or K1018A

were expressed i8. cereisiae Yeast proteins were prepared and ine
Western blotted with anti-HA tag antibody (A). Yeast lysates
containing the mutant insulin receptors were immunoprecipitated Y960F o . 4 - N
with anti-HA agarose conjugate, and the bound proteins were -" :
washed and incubated overnight with rat retina lysates (2§)0

The bound proteins were washed, and the PI3K activity was

measured using Pl-4,5:@nd [-32P]JATP as substrates (B). Y1146F ' T i
IL) containing 100 mM DTT and protease inhibitors ac- - -
cording to the manufacturer’'s instructions. Yeast lysates —
containing these mutant proteins Western blotted with an Y1150F - }3 -

anti-HA tag antibody indicated equal expression of these

mutant proteins (Figure 10A). Mutant insulin receptors were =
isolated from yeast lysates by employing a HA agarose EK" P o g ™
conjugate, and the immunoprecipitates were incubated with Y1151F —_— e o @g
non-insulin-stimulated rat retina lysates. Bound proteins were

washed and subjected to PI3K assay. PI3K activity was

associated with the Y960F mutant insulin receptor to a Y1316F ' g f“
greater extent than with the Y1322F and K1018A mutant 2 > g e T
receptors as shown on the TLC autoradiogram (Figure 10B).

These results indicate that the Y960F mutant insulin receptor P ‘-}-’i _

is capable of interacting with the p85 subunit of PI3K yq322F 2 s -

_ _ _ —— b -, o -
independent of IRS-1 and that IRS-2 could be involved in S Q .

the activation of PI3K.
IRS-1 and IRS-2 have Njterminal phosphotyrosine : . _ &
binding domains (PTB), which bind to the phosphorylated M1325P t
NPXY motif (Y960) in IR3 (59). Substitution of Y960F . "= - E |
completely abolished the binding mediated through the PTB : . -
- - FiGure 11: Interaction between various mutants of the insulin
binding domain of IRS-1 (Table 2) and IRS-2 (data not receptor and a region in IRS-2 containing amino acids-5836.

shown). In addition to the PTB domain, IRS-2 interacts with yeast two-hybrid assays were carried out between various mutants
IR via a second domain comprising amino acids-5%&6, of the insulin receptor and IRS-2 (amino acids 5986). Trans-

which does not require NPXY but does require Y1146, formants were assayed ffrgalactosidase activity for colony color.
Y1150, and Y1151 in the catalytic domain of AR59).

Mutation in these residues abolished the binding of IRS-2 1, tation in the SH2 domain of the p85 subunit of PI3K

to IRf (Figure 11). We homogenized retinas in the presence ¢jearly establish the absolute requirement of tyrosine kinase
of 4 mM EDTA to block endogenous/exogenous tyrosine activity and SH2-dependent binding between the insulin
kinase activities. Under these conditions, incubation of the receptor and p85 subunit of PI3K. Our data also indicate a
Y960F mutant insulin receptor should not catalyze the gjrect interaction between the insulin receptor and p85
phosphorylation of endogenous IRS-2. However, the YO60F gpynit of PI3K. We conclude from these studies that the
mutant insulin receptor still was able to interact with yo-nybrid system accurately reconstitutes the interaction

endogenous p85 (Figure 10). Thus, in the absence of IRS-2eteen the receptor and p85 and is thus a valid model for
activation, the insulin receptor was still able to activate PI3K. f,rther study.

Recently, we presented evidence that the p85 subunit of
DISCUSSION PI3K binds directly to the phosphorylated insulin receptor
In the current study, we have cloned and expressed thein retina, independent of IRS-1.§). This observation led
cytoplasmic domain of the retinal insulin receptor, which is to the speculation that perhaps IRS-1 and p85 could have a

functional as demonstrated by its interaction with the p85 common binding site(s) on |R It has been shown that
subunit of PI3K by two-hybrid assays. Our demonstration tyrosine 960 within the insulin receptor juxtamembrane
that the wild-type receptor hybrids retain the ability to domain is essential for IRS-1 interactiof). Mutation of
autophosphorylate tyrosine residues shows that the hybridtyrosine 960 to phenylalanine in the insulin receptor elimi-
proteins are properly processed and are enzymatically activenates IRS-1 interactiordd, 60). Further, it has also been
in yeast cells. We have also demonstrated that the mutationshown that the kinase-inactive insulin receptor fails to interact
within the ATP-binding domain in the insulin receptor and with IRS-1 @4). In our yeast two-hybrid assays, mutation

e ¥
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of YO60F completely abolished the binding of IRS-1.
However, this mutation did not affect the binding of p85,

Rajala et al.

tions that led to the activation of Akt. This observation is in
agreement with the recent report that, in an ex vivo system,

suggesting that the binding of p85 could be independent of retinal IRS-1 is not phosphorylated in response to insulin

IRS-1.

stimulus (3). Very recently, IRS-2 was shown to be tyrosine

Our yeast three-hybrid assay also indicated that the phosphorylated in response to insulin in the retihd).(In

interaction between p85 and Y1322ARs dependent on

this study, we have demonstrated the insulin-induced ty-

tyrosine kinase activity. This phosphorylated tyrosine moiety rosine-phosphorylated IRS-2 is able to interact with the p85

failed to interact with IRS-1. Recently, we reported the
insulin-independent and light-dependent activation gf IR
in rod photoreceptor cellslg) and hypothesized that the
phosphorylation of IR could be due to the activation of a

subunit of PI3K, suggesting that IRS-2 could be involved in
the activation of Pl 3K. Also, insulin-induced activation of
Akt was completely inhibited by the PI3K inhibitor LY294002,
suggesting that insulin receptor/PI3K/Akt signaling is opera-

nonreceptor tyrosine kinase in response to light. It has beentjye in the retina independent of IRS-1 but could be

shown that cSrc associates with light-activated op6it), (

so it may be possible that specific phosphorylation of this

tyrosine residue in IR by nonreceptor tyrosine kinase could

activate a downstream signaling cascade. Consistent with thi

hypothesis, we have also reported the reting$ [phos-
phorylation by cSrc 16). Very recently, we have also
reported the phosphorylation of fRin response to 15
estradiol, suggesting that fRcould be activated other than
by insulin; however, the effect is indirect in the activation
of IRS (62).

It is interesting to note in this study that neither N-SH2
nor C-SH2 domains of p85 interacted withdiRL293-1343)
in the three-hybrid assay, although the full-length p85 did
interact. On the other hand, wild-type/iRamino acids 94%
1343) interacted with both full-length and isolated N-SH2

S

dependent on IRS-2.

IRS-1 and IRS-2 have two conserved domains at the NH
terminus, called IHI" and IHZ™8, which resemble a pleck-
strin homology (PH) domain and a phosphotyrosine binding
(PTB) domain, respectivel\bg, 65). The IHZT® domain of
IRS-1 and IRS-2 binds to the phosphorylated NPXY motif
(Y960) in the IRS (59). IRS-2 interacts with IR via a second
domain (absent in IRS-1) comprising amino acids-59&6,
does not require the NPXY motif, but associates with the
catalytic domain of IR containing Y1146, Y1150, and Y1151
residues §9).

It is interesting to note in this study that the Y960F mutant
insulin receptor is capable of bringing down the p85 subunit
of PI3K from retinal lysates. Substitution of Y960F com-

and C-SH2 domains of p85. These results suggest that, forpletely abolished the binding mediated through the PTB
efficient binding between phosphotyrosine and the SH2 binding domain of IRS-1 and IRS-59). IRS-2 can still

domain, the Ii® should be longer in length than the p85 or

vice versa. Consistent with this hypothesis, we have previ-

interact through a domain between amino acids-5E46
with Y1146, Y1150, and Y1151 residues in theflRnd

ously demonstrated the binding of phosphorylate@ IR activate PI3K. Under our experimental conditions (presence
(amino acids 12431343) to p85 in bovine ROS in vitro  of 4 mM EDTA in the retinal homogenates) the endogenous
(18). A weak interaction has also been shown between the |RS-2 should not be tyrosine phosphorylated by the mutant
isolated domain of Grb10 (SH2) and phosphopeptide Tyr- y960F insulin receptor. However, the Y960F mutant insulin

(P)1322 (HIRYTHMNGG) (63). Thus, IFS and p85 interac-  receptor is capable of bringing down endogenous p85. Thus,
tion involves more than a simple association between the j, the absence of IRS-2 activation, the mutant insulin receptor

N-SH2 domain of p85 and the pY1322 residue ofIR
Methionine is invariably found in thet3 position of
known PI3K binding sites on receptor§3j. To test the

possibility that residues C-terminal to the phosphotyrosine

provide specificity for binding to the SH2 domain of AR
we changed the-3 position relative to phosphotyrosine to
a proline. Substitution of methionine 1325 with proline in

was still able to activate PI3K. These results suggest the
existence of multiple pathways in the activation of PI3K in
the retina.

IRS-1 is not an exclusive substrate of the insulin receptor
but is also a substrate for IGF1 receptd@8)( In the central
nervous system, IRS-1 is present in some regions where there

our study completely eliminated the interaction between pg5 '€ No insulin and IGF1 receptor67. The IRS proteins

and IR5. It has been shown previously that the wild-type
(Y1°241P) PDGFR tail does not bind p85; however, substitu-
tion of proline with methionine resulted in p85 bindirgyy.

In our study, substitution of either Y1322F or M1325P in
IRS resulted in the loss of interaction with p85. These
experiments further confirm that Y1322 is the binding site
for p85 on IRS. It is interesting to note that the C-SH2
domain of PL@1 interacted with insulin-stimulated R
suggesting that PLEl activity may be regulated through

are a growing family that are phosphorylated by the activated
insulin and IGF-1 receptors, as well as by growth hormone
and cytokine receptor$8, 68). It has been shown recently
that, in response to insulin and IGF-1, brown preadipocytes
derived from IRS-1 knockout animals have an increased
apoptotic phenotype involving caspase-3, CAMP response
element binding protein, and FKHR6Y). Inhibition of
apoptosis has been observed by reconstitution of IRS proteins
(69). These results suggest the unique role of IRS proteins

IRB in the retina. Further detailed studies, however, are in several signaling pathways, at least in the rod outer

required to establish this fact.

segments. In retina, IRS-1 has been shown to be widely

There is widespread expression of IRS-1 throughout the expressed20), although we have no evidence that it plays
retina, and IRS-1 is found in regions of the retina abundant a role in the PI3K pathway. Many degenerative diseases show

in insulin receptors, including outer segmerg)( However,
in our study, insulin-stimulated }R in organ cultures
associated with PI3K, independent of IRS-1. We did not find

IRS-1 phosphorylation in response to insulin, under condi-

an early loss of rod cells followed by loss of cone ceng)(

and apoptosis has been shown to be the major pathological
phenotype11). Whether IRS family members have any role
in these retinal diseases needs to be studied.
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