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Insulin stimulates the formation of binary and ter- 
nary signaling complexes between the phosphatidyli- 
nositol (PtdIns) 3’-kinase,  IRS-1, and the insulin 
receptor in  vivo. Binary complex formation between 
IRS-1 and the PtdIns 3”kinase occurs in intact cells 
and requires the tyrosyl phosphorylation IRS-1,  as 
mutant insulin receptors which weakly phosphorylate 
IRS-1 in  vivo do not mediate formation of IRS-1/ 
PtdIns 3”kinase complexes in transfected CHO cells. 
Association with  IRS-1  involves as much as 70% of 
total cellular PtdIns 3”kinase  activity. Insulin also 
stimulates the formation of ternary signaling com- 
plexes, as both IRS-1 and the PtdIns 3”kinase  are 
present in anti-insulin receptor immunoprecipitates 
from insulin-stimulated cells. Overexpression of IRS- 
1 in CHO cells increases the amount of PtdIns 3”kinase 
activity in aIR immunoprecipitates, and IRS-1 mark- 
edly increases the in  vitro binding of p85a and PtdIns 
3-kinase  activity to anti-receptor immunoprecipitates. 
The mechanism for this association is unknown, but 
appears to involve the binding of IRS-l/PtdIns  3’- 
kinase complexes to the insulin receptor. The forma- 
tion of binary and ternary complexes between the in- 
sulin receptor, IRS-1 and the PtdIns 3”kinase may 
play a critical role in transmission of the insulin signal. 

The insulin receptor is the principal mediator of insulin 
action on cellular mitogenic and metabolic processes. The 
insulin receptor @-subunit, which contains  an  intrinsic tyro- 
sine  kinase, undergoes tyrosyl autophosphorylation and is 
activated  in response to insulin  binding to  the extracellular 
a-subunit  (Kahn  and White, 1988). Although the discovery 
of the insulin receptor’s tyrosine  kinase  activity suggested 
that  the mechanism of insulin  action involved the tyrosyl 
phosphorylation of intracellular substrates, these substrates 
have in  fact been difficult to identify. Using anti-phosphoty- 
rosine antibodies we identified a  phosphoprotein called pp185 
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in many cell and tissues after insulin  stimulation (White et 
al., 1985). A major protein constituent of the pp185 band was 
recently purified and  its cDNA sequence determined (Roth- 
enberg et al., 1990; Sun et al., 1991). The cloned protein, called 
IRS-1, contains 20 potential tyrosyl phosphorylation  sites. 
Nine of these  tyrosine residues are present within the motif 
Y(M/X)XM. Moreover, synthetic peptides  containing  these 
motifs are efficiently phosphorylated by the purified insulin 
receptor kinase, suggesting that these are phosphorylation 
sites in IRS-1 (Shoelson et al., 1992). 

Phosphorylated Y(M/X)XM motifs in IRS-1, in the kinase 
insert region of the platelet-derived growth factor (PDGF)’ 
and colony stimulating  factor 1 receptors, as well as in the 
epidermal growth factor receptor and  in  the polyoma middle 
T antigen serve as binding sites for the phosphatidylinositol 
3”kinase (PtdIns  3’-kinase), a lipid kinase which appears to 
play an  important role in the regulation of cell growth (re- 
viewed in  Cantley et al., 1991). The  PtdIns 3”kinase  consists 
of a  110-kDa  catalytic subunit (p110) which is homologous to 
a Saccharomyces cereuisiae protein involved in vacuolar sort- 
ing, and a 85-kDa regulatory subunit (p85a) which contains 
two SH2  and one SH3 domain (Carpenter et al., 1990; Shi- 
basaki et al., 1991; Escobedo et al., 1991b; Skolnik et al., 1991; 
Otsu et al., 1991; Hiles et al., 1992). SH2  domains  bind to 
phosphotyrosine residues in Y(M/X)XM motifs with high 
affinity, and  the  SH2 domains of p85a mediate the binding 
of the  PtdIns 3”kinase to tyrosine  kinase growth factor 
receptors (McGlade et al., 1992; Hu et al., 1992; Klippel et al., 
1992; Reedjik et al., 1992). 

Insulin stimulates  the  PtdIns 3”kinase (Endemann et al., 
1990; Ruderman et al., 1990; Kelly et al., 1992) and a major 
mechanism of activation of the  PtdIns 3”kinase  appears to 
involve the association of phosphorylated  IRS-1 with p85a 
(Backer et al., 1992b). Phosphorylated Y(M/X)XM phospho- 
peptides  activate the  PtdIns 3“kinase in uitro, suggesting that 
the binding of tyrosyl-phosphorylated Y(M/X)XM motifs in 
IRS-1  to  SH2 domains  in  p85a may be the critical  step  in the 
activation of the  PtdIns 3“kinase by insulin  (Backer et al., 
1992b; Myers et al., 1992).  Insulin also stimulates  the appear- 
ance of PtdIns 3”kinase  activity in anti-insulin-receptor im- 
munoprecipitates  (Ruderman et al., 1990; Backer et al., 
1992a). Interactions between the  PtdIns 3”kinase and  the 
insulin  receptor may occur directly through the  SH2 domains 
of p85a and phosphorylated Y(M/X)XM motifs  in the C 

The abbreviations used are: PDGF, platelet-derived growth factor; 
PtdIns, phosphatidylinositol; CHO, Chinese hamster ovary; HPLC, 
high-performance liquid chromatography; IR, insulin receptor; 
PAGE, polyacrylamide gel electrophoresis; TLC,  thin-layer  chroma- 
tography. 
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terminus of the insulin receptor, similar to  the mechanism 
proposed for the  PDGF  and colony stimulating  factor 1 recep- 
tors  (Cantley et al., 1991). Alternatively, IRS-1 associates 
with the insulin receptor in insulin-stimulated cells (Sun et 
al., 1992) and may provide a bridge between the insulin 
receptor and p85a. 

This study addresses the in vivo association of the  PtdIns 
3"kinase with tyrosyl-phosphorylated IRS-1  and the insulin 
receptor in Chinese hamster ovary (CHO) cells. The  PtdIns 
3"kinase 85-kDa  subunit  can be detected immunologically in 
both  anti-IRS-1  and  anti-insulin receptor immunoprecipitates 
from insulin-stimulated cells. The association with IRS-1 
occurs in intact cells and is dependent upon the in vivo tyrosyl 
phosphorylation of IRS-1. Association with tyrosyl-phos- 
phorylated  IRS-1  accounts for as much as 70% of total cellular 
PtdIns 3-kinase. In  addition to forming binary complexes 
with IRS-1, the  PtdIns 3"kinase forms ternary complexes 
with IRS-1  and  the insulin receptor; these  ternary complexes 
may account at least in part for the presence of PtdIns  3'- 
kinase in insulin receptor immunoprecipitates from insulin- 
stimulated cells (Backer et al., 1992a). Thus, overexpression 
of IRS-1 increases the amount of insulin receptor-associated 
PtdIns 3"kinase in insulin-stimulated cells, and IRS-1  in- 
creases the ability of immunopurified insulin receptors to 
bind the  PtdIns 3"kinase in vitro. These data suggest that 
the binding of p85a to tyrosyl-phosphorylated IRS-1  and  IRS- 
l/insulin receptor complexes plays a role in  the regulation of 
the  PtdIns 3"kinase by insulin. 

EXPERIMENTAL  PROCEDURES 

Antibodies  to IRS-1, the Insulin Receptor, and the PtdIns 3'- 
Kinase-A polyclonal rabbit  antibody  (apep80)  against the peptide 
YIPGATMGTSPALTGD  (Peptide 80) from the cDNA sequence of 
rat  IRS-1  (Sun  et al., 1991), was prepared by coupling to Keyhole 
limpet hemocyanin and injection into New Zealand White  rabbits as 
previously described (Perlman  et al., 1989). Antibodies were affinity- 
purified by chromatography over a column of peptide 80 coupled to 
Affi-Gel 10 (Bio-Rad). Polyclonal antibodies to baculovirus-produced 
rat  IRS-1  (aIRS-lbac)  and  to a  glutathione  S-transferase-p85a bac- 
terial fusion protein  containing  amino acids 321-724 (Skolnik et al., 
1991; Hu  et al., 1992) of the human  p85a  (ap85) were produced by 
injection into New Zealand White  rabbits and were purified by protein 
A-Sepharose chromatography. For p85a  Western blots, ap85  anti- 
body (UBI) was used without further purification. A mouse mono- 
clonal antibody to  the human insulin receptor (83-14)  was provided 
by Dr. Kenneth Siddle, University of Cambridge. Polycolonal rabbit 
anti-phosphotyrosine antibodies (aPY) have been previously de- 
scribed (White  and Backer, 1991). 

Synthesis of Peptides and Phosphpeptides-Peptides and phos- 
phopeptides were synthesized using a Milligen/Biosearch 9600 syn- 
thesizer using FmocTyr(OP(OCH,),) as previously described (Backer 
et al., 1992b). IRS-1 peptides were derived from the region surround- 
ing Y'2' (Sun  et al., 1991), include Y-628 (NDGYMPMSPKS), P- 
Y628 (NDG(P)YMPMSPKS)  and  the scrambled peptide P-Y628,, 
(PMPNSKMD(P)YGG). All peptides were purified by  gel exclusion 
chromatography and were > 80% pure by analysis on reversed-phase 
HPLC. 

Cell Culture and Transfection of CHO Cells-CHO cells expressing 
only endogenous insulin receptor and  IRS-1 (CHO/neo), or express- 
ing 1.2 X 10' wild-type human insulin receptors (CHO/IR) have been 
previously described (White  et al., 1988). Several previously described 
insulin receptor mutants were used IRAlols contains  a  mutation of 
LYS'~'' to Ala"" in the putative ATP binding site of the receptor, 
and is an inactive kinase (Chou et al., 1987); IRAW lacks 12 amino 
acids in the cytoplasmic juxtamembrane region and is biologically 
inactive, although it undergoes significant insulin-stimulated auto- 
phosphorylation in vivo and is  a normal kinase in vitro once auto- 
phosphorylated (Backer et al., 1991); IRFIIIG contains  phenylalanine 
in place of one of the first  sites of insulin receptor tyrosyl autophos- 
phorylation, and is a  partially impaired kinase (Wilden et al., 1990). 
The corresponding cells lines (CHO/IRAlols, CHO/IR,%, and CHO/ 
IR~11d express similar numbers of these mutant receptors, but  are 

defective for phosphorylation of pp185 and activation of the  PtdIns 
3"kinase in vivo (Backer  et al., 1992a). 

CHO/IRS-1 cells, which overexpress the  rat IRS-1 cDNA,  were 
prepared by calcium phosphate cotransfection of the IRS-1 cDNA in 
the expression vector pCMVhis (M. Birmbaum, Harvard Medical 
School) and  the pSVEneo plasmid. CHO/IR/IRS-1 cells, which OV- 

erexpress insulin receptors and IRS-1, were prepared by transfection 
of CHO/IR cells with the IRS-l/pCMVhis vector. CHO/his cells, 
which were transfected with pCMV/his alone, were used as control 
cells in  all  experiments involving the CHO/IRS-1  or  CHO/IR/IRS-1 
lines. Cells were selected by culture  in 800 pg/ml geneticin (GIBCO) 
and 10 mM histidinol (Sigma) as previously described (Sun et  al., 
1991). 

Preparation of IRS-1 in Baculouirus-infected Sf-9 Cells-The rat 
IRS-1 cDNA, with the 5'- and  3'-untranslated regions removed,  was 
subcloned into  the vector pBlueBac (Invitrogen) and was recombined 
into  the baculovirus genome using standard techniques (Meyers et 
al., 1992). Sf9 cells were infected with 10-20 plaque-forming units/ 
cell of recombinant baculovirus as described (Herrera  et al., 1988). 
Cells were lysed after 48-52 h of infection in  a dounce homogenizer 
in 50 mM Tris,  pH 7.8, containing 1 M NaCl, 10 pg/ml aprotinin, 10 
mM benzamidine, 10 pg/ml leupeptin, 350 pg/ml phenlymethylsufonyl 
fluoride. Insoluble material was  removed by sedimentat,ion at 100,000 
X g for 1 h, and  IRS-1 was purified to 90% purity by chromatography 
on Sephacryl S-300 HR (Pharmacia  LKB Biotechnology Inc.). Bac- 
ulovirus-produced IRS-1 (IRS-lbac) migrated identically to immuno- 
purified IRS-1 from CHO/IRS cells in SDS-PAGE gels. 

In vitro lipid kinase assays and analysis of products by TLC and 
HPLC. Quiescent CHO/neo, CHO/his, CHO/IRS-1, CHO/IR/IRS- 
1,  or  CHO/IR cells were incubated in the absence or presence of 
insulin (100 nM) for 10 min, washed with ice-cold phosphate-buffered 
saline/100 p~ Na3V04 and twice with 20 mM Tris  (pH 7.5) containing 
137 mM NaCl, 1 mM MgC12, 1 mM CaC12, and 100 p M  Na3V04 (Buffer 
A), and solubilized in Buffer A  containing 1% Nonidet P-40 (Sigma), 
10% glycerol, and 350 pg/ml phenylmethylsufonyl fluoride (lysis 
buffer).  A post-13,000 X g supernatant was immunoprecipitated with 
anti-phosphotyrosine (aPY),  anti-IRS-1  (aIRS-l), anti-insulin recep- 
tor  (aIR), or anti-PtdIns 3"kinase (ap85) antibody and protein A- 
Sepharose (Pharmacia).  The pellets were  washed and in vitro lipid 
kinase activity was measured as previously described (Ruderman  et 
al., 1990) using 10  pl  of a sonicated dispersion of PtdIns (2 pglpl) or 
PtdIns,  PtdIns(4)P,  PtdIns(4,5)Pz,  and phosphatidylserine (2:1:1:0.4, 
2.2 pg/pl) in 10 mM Tris  (pH 7.5)/1 mM EGTA as substrates. The 
phosphorylated lipids were analyzed by thin-layer chromatography 
on silica gel TLC plates  (Merck) coated with 1% potassium oxalate. 
TLC plates were  developed in CHC13:CH30H:H,0:NH,0H 
(6047:11.3:2)  or propanol/2 M acetic acid (65:35): dried, andvisualized 
by autoradiography. The radioactivity in  spots which comigrated with 
PtdIns(4)P  and  PtdIns  (4,5)P2 standards (Sigma) or a [32P]InsP3 
standard (from aPY immunoprecipitates of insulin-stimulated cells) 
was measured by Cerenkov counting as previously described (Ruder- 
man et al., 1990). 

HPLC analysis was performed as described by Auger et al. (1989). 
Samples were deacylated by incubation in 25% methlyam- 
ine:methanol:n-butano1(57.7:61.6:15.6) for 50 min at 53 "C, dried and 
extracted twice in n-butano1:petroleum ether:ethyl formate (204:l). 
Water-soluble products were dried, resuspended in water, and ana- 
lyzed by anion-exchange HPLC on a  Partisil SAX-5 column (What- 
man)  as described (Auger et al., 1989), using a 0-1 M (NH,),HPO, 
(pH 3.8) gradient. [3H]IP3 and  [3H]IP4 (Du  Pont-New England Nu- 
clear) and deacylated [3H]PtdIns(4)P  and  [3H]PtdIns(4,5)P,  (Du 
Pont-New  England Nuclear) were used as standards. 

Western Blotting-Immunoprecipitations for Western blot analy- 
sis were performed exactly as described above for analysis of lipid 
kinase activity. Proteins were separated on 7.5% resolving SDS- 
PAGE minigels (Bio-Rad), transferred to nitrocellulose in Towbin 
buffer containing 0.02% SDS (Towbin et al., 1979), and blotted with 
ap85, aIRS-1, or aPY antibodies. Proteins were visualized using [Iz5,] 
protein A (ICN)  and autoradiography. 

In vitro tyrosyl phosphorylation of IRS-1. IRS-1 from baculovirus- 
infected Sf-9 cell lysates (IRS-lb""; approximately 1.9 pg  of IRS-1/ 
point) was incubated for 20 min at 22 "C with wheat germ agglutinin- 
purified human insulin receptors (4-6  pg  of protein) in the presence 
of 5 mM MnCl,, 100 nM insulin, and 100 p M  ATP containing 30  pCi 
of [32P]ATP  (Du  Pont-New England Nuclear). Samples were  boiled 
in Laemmli sample buffer (Laemmli, 1970), boiled, and analyzed by 
SDS-PAGE (7.5% resolving) and autoradiography. IRS-1 samples for 
PtdIns 3"kinase binding assays were incubated in the absence or 
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presence of wheat germ agglutinin-purified insulin receptors over- 
night a t  4 "C in the presence of 5 mM MnC12, 100 nM insulin, and 
100 p M  ATP, immobilized on aIRS-llprotein A-Sepharose beads, 
and washed three times  in lysis buffer prior to use. 

In Vitro IRS-1IPtdIns 3"Kinase BindingAssays and Peptide Com- 
petition Studies-Quiescent. CHO/neo or CHO/IR cells were incu- 
bated in the absence or presence of 100 nM insulin for 10 min, washed, 
and lysed as described above. The cell lysates were incubated for an 
additional 15 min at  4 "C in the absence or presence of the indicated 
peptides derived from sequences in  IRS-1  (concentrations as de- 
scribed in the  text).  The lysates were added to immobilized nonphos- 
phorylated or tyrosyl-phosphorylated IRS-1 (approximately 1.9  pg/ 
point) for 15 min at  4 "C, the pellets were washed as described for 
analysis of lipid kinase activity, and IRS-1-associated PtdIns 3'- 
kinase activity was determined as described above. 

In  Vitro Insulin  Receptor/IRS-l/PtdIns 3"Kinase Binding As- 
says-Partially purified insulin receptors (2 nM final) were incubated 
at  22 "C for 20 min in 50 mM HEPES,  pH 7.4, containing 0.1% Triton 
X-100, 50 p~ ATP, 5 mM MnCI2, and  the absence or presence of 
IRS-lb"' (75 nM final) and insulin (100 nM). The reactions were 
stopped by the addition of 500 p1 of ice-cold Buffer A containing 1% 
Nonidet P-40 (Sigma),  10% glycerol, 100 p~ vanadate, and 350 pg/ 
ml phenylmethylsufonyl fluoride (stop buffer). Anti-insulin receptor 
(83-14) or anti-IRS-1  (aIRS-lbac) immunoprecipitates where prepared 
using protein A-Sepharose (Pharmacia), washed three times in stop 
buffer, and incubated with for 30 min at  4 "C with lysates from 
quiescent CHO/neo cells, prepared as described above. The protein 
A-Sepharose/antibody pellets were additionally washed as described 
for the lipid kinase assay, and either assayed for PtdIns 3"kinase 
activity or boiled in Laemmli sample buffer (Laemmli, 1970) and 
analyzed by immunoblotting. 

RESULTS 

PtdIns  3'-Kinase  Binds  to Tyrosyl-phosphorylated IRS-1  in 
Vivo-PtdIns 3"kinase activity was measured in immunopre- 
cipitates from CHO cells expressing the wild-type human 
insulin receptor (CHO/IR cells). PtdIns 3"kinase activity 
was barely detected  in  anti-phosphotyrosine (aPY)  and  anti- 
IRS-1  (aIRS-1) immunoprecipitates from unstimulated 
CHO/IR cells (Fig. lA). However, a  significant basal activity 
was detected using an antibody (ap85)  to  the  PtdIns 3'- 
kinase-associated protein  p85a  (Skolnik et al., 1991; Hu et al., 
1992). After insulin  stimulation,  a  marked  increase in  PtdIns 
3"kinase activity was found with  all three antibodies (Fig. 
lA). Although a precise comparison of the  amount of activity 
immunoprecipitated with each  antibody was difficult due to 
uncertainty  as  to  their concentration and affinity, the IRS-1- 
associated PtdIns 3"kinase activity was approximately 50% 
of the insulin-stimulated  activity  detected  with  ap85. The 
lipid kinase activity in  both aPY  and  aIRS-1 immuno- 
precipitates from insulin-stimulated cells utilized PtdIns, 
PtdIns(4)P,  and  PtdIns(4,5)P2  as  substrates, yielding phos- 
phatidylinositol  phosphate,  phosphatidylinositol Pp, and 
phosphatidylinositol P3, respectively (data  not shown). The 
deacylated glycerophosphoinositol polyphosphate  products 
from the  aIRS-1 lipid kinase reactions  eluted identically to 
those from the aPY immunoprecipitates (Fig. 2, A-C), which 
have previously been shown to be derived from phosphatidyl- 
inositol 3-P, phosphatidylinositol 3,4-P2, and phosphatidyli- 
nositol3,4,5-P3, respectively (Ruderman et al., 1990). 

The presence of the 85-kDa subunit of the  PtdIns 3"kinase 
(p85a) in aIRS-1 immunoprecipitates was confirmed by im- 
munoblotting with an  ap85 antibody. Similar amounts of 
p85a were detected  in ap85 immunoprecipitates from unstim- 
ulated or insulin-stimulated  control  (CHO/his) and CHO/IR 
cells (Fig. 1B).  In  contrast, insulin  slightly increased the 
amount of p85a  in aIRS-1 immunoprecipitates from CHO/ 
his cells, and caused a  marked  increase  in the  amount of p85a 
in  aIRS-1 immunoprecipitates from CHO/IR cells; IRS-1- 
associated p85 was approximately 75% of that detected  with 
ap85 antibody. These  data  are consistent with the increased 

A Anti-PY Anti-IRS-1 A n t I - ~ 8 5 ~  
-PIP 

E 
INSULIN 

rn 

Antl-PY Anti-Ids-I Anti-dB5 

B 

CHOlbis CHOnR 

FIG. 1. PtdIns  3"kinase activity in aIRS-1 immunoprecip- 
itates from  insulin-stimulated CHO/IR cells. A, quiescent CHO/ 
In cells were incubated in the absence or presence of  100 nM insulin 
for 10 min at  37 "C, solubilized, and incubated at  4 "C with antibody 
and protein A-Sepharose. PtdIns 3"kinase activity in the washed 
aPY, aIRS-1, and  ap85 immunoprecipitates was assayed as described, 
and  the lipids were extracted and separated by TLC in 
CHC13:CH30H:H20:NH40H (6047:11.3:2). The TLC  plates were vis- 
ualized by autoradiography and [32P]phosphate incorporation into 
PtdIns(3)P was quantitated by Cerenkov counting. B, quiescent 
CHO/his or CHO/IR cells were incubated in the absence or presence 
of 100 nM insulin for 10 min at 37 "C. The cells were  lysed and 
incubated with aIR,  aIRS-1, or ap85 antibodies followed  by protein 
A-Sepharose. Washed immunoprecipitates were analyzed by Western 
blotting with ap85  (UBI). Blots were visualized by autoradiography 
after incubation with ['251]protein A. 

tyrosyl phosphorylation of IRS-1  and increased IRS-l-asso- 
ciated PtdIns 3"kinase activity in CHO/IR as opposed to 
CHO/his cells (Fig. 3A, 3B) .  Interestingly,  a small amount of 
p85a was also observed in aIR immunoprecipitates from 
insulin-stimulated  CHO/IR cells, consistent with the pres- 
ence of PtdIns 3"kinase activity  in aIR immunoprecipitates 
(Ruderman et al., 1990; Backer et al., 1992b). p85a  in aIR- 
immunoprecipitates was approximately 10% of that detected 
in aIRS-1 immunoprecipitates. Together with the previous 
results, the association of PtdIns 3"kinase activity with IRS- 
1 correlated with the increased immunoprecipitation of p85a 
by aIRS-1.  In  contrast,  the increased PtdIns 3"kinase activity 
in  ap85 immunoprecipitates from insulin-stimulated CHO/ 
IR cells (Fig. lA) occurred without  a change in the  amount 
of p85a  in these immunoprecipitates (Fig. 1B). Insulin-stim- 
ulated association of p85a with IRS-1 is therefore coincident 
with  activation of the  PtdIns 3"kinase in intact CHO/IR 
cells (Backer et ul., 1992b). 

Tyrosyl phosphorylation of IRS-1 is required for PtdIns 3'- 
kinase binding in uitro (Backer et ul., 1992b; Myers et al., 
1992). To examine this requirement in uiuo, we studied IRS- 
l/PtdIns 3"kinase binding in CHO cells expressing mutant 
insulin  receptors defective for the phosphorylation of IRS-1. 
Although overexpression of wild-type receptor increased the 
tyrosyl phosphorylation of IRS-1 in  CHO/IR cells as com- 
pared to control CHO/neo cells, equivalent overexpression of 
IRA~o~s,  IRam,  or I R F ~ ~ ~ ~  did not (Fig. 3A); each of these 
mutants  has been previously shown to be deficient for the 
insulin-stimulated phosphorylation of pp185 (Backer et al., 
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FIG. 2. Analysis of in vitro lipid products from aPY and 
aIRS-1 immunoprecipitates by TLC and HPLC. aPY  and  aIRS- 
1 immunoprecipitates from insulin-stimulated CHO/IR cells were 
prepared as described and assayed for lipid kinase activity toward a 
mixture of PtdIns,  PtdIns(4)P,  PtdIns(4,5)P2,  and phosphatidylserine 
(2:1:1:0.4). The lipid products were extracted and separated by TLC 
in propanol:2 M acetic acid (65:35), and visualized by autoradiography. 
The lipids from the putative PtdIns(3)P ( A ) ,  PtdIns(3, 4)Pz ( B ) ,  and 
PtdIns(3,4,5)P3 (C) spots were deacylated as described and analyzed 
by anion exchange HPLC against  a 0-1 M (NH&HPOd (pH 3.8) 
gradient. The elution of [3H]IP3, [3H]IP4 and deacylated [3H] 
PtdIns(4)P  and  [3H]PtdIns(4,5)Pz  standards is indicated. 

1992a). Insulin  stimulation of IRS-l/PtdIns  3”kinase  asso- 
ciation  paralleled  IRS-1  phosphorylation  in  all  the cell  lines. 
The insulin-stimulated  appearance of PtdIns  3“kinase  activ- 
ity  in  aIRS-1  immunoprecipitates  from  the  CHO/IR cells  was 
5-fold greater  than  in  the  control  CHO/neo cells, whereas  in 
CHO/IRAIO18  cells it was slightly lower than  in  control cells 
(Fig. 3B).  IRS-1-associated  PtdIns  3”kinase  activity was 
similar to  control  in  the CHO/IRA960 and CHO/IRFIl46 cells 
(Fig. 3, C and D). In  all  three  mutant cell lines,  the  insulin- 
stimulated  appearance of PtdIns  3”kinase  activity  in  aIRS- 
1 immunoprecipitates was  reduced in a manner  consistent 
with  our previous results  obtained  with aPY antibody  (Backer 
et al., 1992a). Thus,  mutations  in  the  insulin  receptor  have 
similar effects on  insulin-stimulated  IRS-1  tyrosyl  phos- 
phorylation  and  aIRS-1-precipitable  PtdIns  3“kinase  activ- 
ity. 

Association of IRS-1  and  the  PtdIns  3’-kinase  occurs  in 
intact  insulin-stimulated cells. We  have previously shown  that 
PtdIns  3-kinase  kinase  present  in  CHO cells lysates will bind 
to  i n  vitro-tyrosyl-phosphorylated IRS-1,  and  that  this  bind- 
ing  is  inhibited by tyrosyl  phosphopeptides  containing Y X X M  
motifs  (Backer et al., 1992b). Thus,  when  tyrosyl-phosphoryl- 
ated  IRS-lbc was  immobilized on  aIRS-l/protein  A-Sepha- 
rose  beads  and  incubated for 15  min  at 4 “C  with  lysates from 

quiescent  CHO/neo cells, PtdIns  3”kinase  binding was inhib- 
ited  strongly by a tyrosyl-phosphorylated  peptide derived 
from  the Y6*’MPM region of IRS-1  (P-Y628) (Fig. 4A). Non- 
phosphorylated  peptide (Y-628) had  no  effect  on  the  binding 
of the  PtdIns  3”kinase  to  tyrosyl-phosphorylated  IRS-1  (data 
not  shown),  and a scrambled version of P-Y628 (P-Y628,,,) 
was  a weak inhibitor of IRS-lb“/PtdIns  3”kinase  binding 
(Fig. 4A). 

Dissociation of preformed  IRS-l/PtdIns  3”kinase com- 
plexes  could  only be observed at peptide  concentrations >1 
mM (data  not  shown).  We  used  this  characteristic  to  demon- 
strate  that  the  presence of PtdIns  3”kinase  in  anti-IRS-1 
immunoprecipitates (Fig. 1) was due to association i n  vivo. 
Insulin-stimulated  CHO/IR cells were solubilized  in the  ab- 
sence or  presence of 100 p~ nonphosphorylated or phos- 
phorylated  YMXM  peptide (Y628 and P-Y628,  respectively), 
and  the cell lysates were immunoprecipitated with aIRS-1 
antibody (Fig. 4B). Neither  the Y628 nor  the  P-Y628  had  any 
effect on  the  amount of IRS-1-associated  PtdIns  3”kinase 
activity,  despite  the  fact  that 100 pm of P-Y628 blocks greater 
than 90%  of IRS-l/PtdIns  3”kinase  binding i n  vitro (Fig. 
4A). Thus,  the  insulin-stimulated  association of IRS-1  and 
the  PtdIns  3”kinase  occurred  in  the  intact cell prior  to 
solubilization. 

Quantitation of in   Vivo  IRS-l /PtdIns  3”Kinase  Associa- 
tion-Previous studies  have  shown cytoplasmic PtdIns  3‘- 
kinase  associates  quantitatively  with  the  PDGF receptor in 
PDGF-stimulated cells (Kazlauskas  and Cooper, 1989, 1990). 
Similarly,  the  activity  and  immunoblotting  data in Fig. 1 
suggest that  as  much  as 50-75%  of cellular PtdIns  3-kinase 
associates  with  IRS-1  after  insulin  stimulation of CHO/IR 
cells. To estimate  the  fraction of cellular PtdIns 3’-kinase 
which associates  with endogenous CHO cell IRS-1  after  in- 
sulin  stimulation,  lysates from quiescent  or  insulin-stimulated 
CHO/IR cells were analyzed  using  the in vitro IRS-1  binding 
assay. The binding of PtdIns  3”kinase  activity from both 
quiescent  and  insulin-stimulated cell lysates was markedly 
increased by tyrosyl  phosphorylation of IRS-1 (Fig. 5, com- 
pare lanes a with b, c with d; the  apparent  binding of PtdIns 
3”kinase  to  nonphosphorylated  IRS-1  in lane c reflects the 
binding of endogenous IRS-l/PtdIns  3”kinase complexes to 
excess aIRS-1  antibody  on  the  Protein-A  beads).  Interest- 
ingly, the immobilized tyrosyl-phosphorylated  IRS-lb”‘ bound 
70% less PtdIns  3”kinase  activity  in  lysates from insulin- 
stimulated  as  compared  to  unstimulated cells (Fig. 5, compare 
lanes b and d) .  This decrease in  bound  PtdIns  3“kinase 
presumably  reflects  the  formation of complexes  between the 
PtdIns  3”kinase  and endogenous IRS-1  or  other cellular 
proteins  in  the  insulin-stimulated cells, rendering a significant 
portion of the cellular PtdIns  3”kinase pool unavailable for 
i n  vitro interactions  with immobilized phosphorylated  IRS-1. 
Thus,  during  insulin  stimulation at least 70% of cellular 
PtdIns  3’-kinase  associates  with endogenous proteins, includ- 
ing  IRS-1. 

An alternative  estimate of the  extent of IRS-l/PtdIns 
3‘kinase  binding i n  vivo was derived from  our previously 
published  data  on  the  activation of PtdIns  3‘-kinase by as- 
sociation  with  IRS-1  (Backer et al., 1992b).  We previously 
showed that  the specific activity of PtdIns  3”kinase  in  anti- 
p85 immunoprecipitates  from  insulin-stimulated cells was 
increased  approximately %fold over basal  activity,  whereas 
that  in  aIRS-1  immunoprecipitates was increased  approxi- 
mately 8-fold.  If one  assumes  that  the  entire  stimulation of 
PtdIns  3“kinase  in  the  ap85  immunoprecipitates was due to 
association with IRS-1,  then  the  binding of 30%  of the  total 
p85 pool to  IRS-1 would account  for  the observed change in 
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FIG. 3. Stimulation of IRS-1 
phosphorylation and IRS-l/PtdIns 
3“kinase association in CHO cells 
expressing mutant insulin recep- 
tors. Control CHO cells or CHO cells 
expressing lo6 wild-type or  mutant in- 
sulin receptors were stimulated with 
varying concentrations of insulin for 10 
min at  37 “C. The cells were solubilized 
and  aIRS-1 (apep8O) immunoprecipi- 
tates were prepared. A, immunoprecipi- 
tated proteins were eluted in Laemmli 
sample buffer (Laemmli, 1970), sepa- 
rated by SDS-PAGE (7.5% resolving), 
and immunoblotted with aPY. B, aIRS- 
1 immunoprecipitates from CHO/IR, 
CHO/IRA,o18, and CHO/neo cells were 
assayed for PtdIns 3”kinase activity. C, 
aIRS-1 immunoprecipitates from CHO/ 
IR, CHO/IRAW, and CHO/neo cells 
were assayed for PtdIns 3”kinase  activ- 
ity. D, aIRS-1 immunoprecipitates from 
CHO/IR, CHO/IRF,,,~, and CHO/neo 
cells were assayed for PtdIns 3”kinase 
activity. 

A* PIP”, 

Origin - “ 
-I J- 

None P-Y628 P-Y628,,, 

B* PIP”, 

”- 

None P-Y628  Y628 
FIG. 4. aIRS-1-precipitable PtdIns  3”kinase from  insulin- 

stimulated CHO/IR cells: effect of YMXM peptides. A, IRS-lbc 
was immobilized on LuIRS-l/protein A-Sepharose beads and tyrosyl- 
phosphorylated by wheat germ agglutinin-purified insulin receptors 
as described. The pellets were washed and incubated for 15 min at  
4 “C with detergent lysates from quiescent CHO/neo cells in the 
absence or presence of 100 p~ P-Y628 or scrambled P-Y628 (P- 
Y628-J peptide. The pellets were then washed and assayed for 
associated PtdIns 3”kinase activity as described. Lipid products were 
separated by TLC, visualized by autoradiography, and  quantitated by 
Cerenkov counting. B, CHO/IR cells were incubated in the presence 
of 100 nM insulin for 10 min at 37 “C. The cells were lysed as 
described, or in the presence of 100 p~ Y628 or P-Y628 peptide. 
aIRS-1 immunoprecipitates were prepared and assayed for PtdIns 
3”kinase activity as described. 

specific activity. Although somewhat lower than  the  estimates 
derived from the  data in Figs. 1 and 5, this calculation  still 
suggests that a significant portion of the  total intracellular 
PtdIns 3“kinase pool, a t  least one-third  and  as much as two- 
thirds, binds to  IRS-1 following insulin  stimulation. 

Formation of Ternary IRS-l/Insulin ReceptorlPtdIns 3’- 
Kinase Complexes in Vivo and in Vitro-We have previously 
shown that  the  PtdIns 3”kinase  can  be specifically immu- 
noprecipitated by anti-insulin receptor antibodies (aIR) 
(Backer et al., 1992a), and  p85a  can be  detected in  aIR 

INSULIN (nM) 

immunoprecipitates from insulin-stimulated  CHO/IR cells by 
Western  blotting (Fig. 1B). While this may  be due to a direct 
interaction between the insulin receptor and  the  PtdIns 3’- 
kinase, we have recently found that  the insulin receptor and 
IRS-1 form a complex in insulin-stimulated cells (Sun et al., 
1992). Moreover, we have found that both the insulin receptor 
and  IRS-1 can be detected  in ap85 immunoprecipitates, rais- 
ing the possibility of ternary  receptor/IRS-l/PtdIns 3”kinase 
complexes in  insulin-stimulated cells (Backer et al., 1992b). 

To examine whether  insulin  receptor/IRS-1 complex for- 
mation  mediates the immunoprecipitation of the  PtdIns 3‘- 
kinase by anti-insulin receptor antibodies, we compared the 
amount of aIR-precipitable PtdIns 3”kinase in CHO/IR and 
CHO/IR/IRS-1 cells (Fig. 6). An insulin-stimulated increase 
in aIR-immunoprecipitable PtdIns 3”kinase activity was 
seen  in  both cell lines. Interestingly, increasing the cellular 
expression of IRS-1 markedly increased the amount of aIR- 
precipitable PtdIns S‘-kinase, suggesting that aIR-precipita- 
ble PtdIns 3”kinase may  be due to  the association of receptors 
with IRS-l/PtdIns 3”kinase complexes. 

The role of IRS-1 in the association of the  PtdIns 3”kinase 
with the insulin receptor was examined using an in vitro 
binding assay similar to that used in Fig. 4. Partially purified 
insulin  receptors were incubated  in the presence of insulin, 
MnC12, and  ATP  and  the absence or presence of IRS-lbnc. 
The mixtures were immunoprecipitated with either  aIR or 
aIRS-1 antibody, immobilized on  protein A-Sepharose beads, 
and washed. The beads were then incubated with lysates from 
quiescent CHO/neo cells, washed, and assayed for associated 
for PtdIns 3“kinase activity. Unstimulated insulin receptors, 
immunoprecipitated with aIR, bound a small amount of 
PtdIns 3”kinase from CHO lysates, and insulin-stimulated 
receptors bound approximately 4-fold more activity (Fig. 7A). 
However, aIR immunoprecipitates of insulin receptor/IRS-1 
mixtures bound an additional 3-4-fold more PtdIns 3”kinase 
activity than immunoprecipitates  containing only insulin- 
stimulated receptors; aIR immunoprecipitates from the recep- 
tor/IRS-1 mixtures bound nearly 35% of the  PtdIns 3”kinase 
activity which bound to  aIRS-1 immunoprecipitates from the 
same mixtures. Thus,  IRS-1 significantly increased the 
amount of receptor-associated PtdIns 3”kinase activity. 

Similar  results were obtained using (up85 immunoblots to 
measure the  amount of p85a from CHO lysates which asso- 
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FIG. 5. Availability of PtdIns 3’- 
kinase from insulin-stimulated cells 
for in vitro binding to IRS-1. A ,  IRS- 
lbc (a  and c )  or tyrosyl-phosphorylated 
IRS-lb”‘ (band d) ,  immobilized on aIRS- 
l/protein A beads, was incubated for 15 
min at  4 “C with lysates from quiescent 
(a  and b)  or insulin-stimulated ( c  and d )  
CHO/IR cells. The beads were washed 
and assayed for associated PtdIns 3’- 
kinase activity. Lipid products were sep- 
arated by TLC, visualized by autoradi- 
ography and quantitated by Cerenkov 
counting. 
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FIG. 6. aIR-precipitable PtdIns 3”kinase activity in cells 
overexpressing IRS-1. CHO/IR and CHO/IR/IRS-1 cells were 
incubated in the absence or presence of insulin for 10 min at  37 “C. 
The cells were solubilized and  aIR immunoprecipitates were prepared 
and assayed for PtdIns 3-kinase activity. 

ciated  with the  anti-receptor  and  anti-IRS-1 immunoprecipi- 
tates (Fig. 7B).  The binding of p85a  to  unstimulated  aIR 
immunoprecipitates was undetectable, and binding to insulin- 
stimulated  immunoprecipitates was barely  detectable (Fig. 
7B, lanes  a and b). In  contrast,  the binding of p85a  to  aIR 
immunoprecipitates from insulin stimulated receptor/IRS-1 
mixtures was easily detected (Fig. 7B, lane d) .  Control aIRS- 
1 immunoprecipitates from unstimulated  and  stimulated  IR/ 
IRS-1 mixtures bound even  more  p85 (Fig. 7B, lanes e and f ) ,  
due to basal (Fig. 7C, lane c) and  insulin-stimulated (Fig 7C, 
lane d )  receptor and  IRS-1 tyrosyl  phosphorylation. The 
increased  binding of p85a  to  aIR immunoprecipitates  from 
IR/IRS-1 mixtures was likely due to association between the 
insulin  receptor and IRS-1, as  aIRS-1 immunoblots revealed 
the presence of IRS-1  in aIR immunoprecipitates from IR/ 
IRS-lhC mixtures (Fig. 723, lanes g and h). No immunoprecip- 
itation of IRS-1 by aIR was seen  in the absence of added 
receptors (Fig. 7B, lanes i andj).  These  data strongly support 
the formation of ternary  receptor/IRS-l/PtdIns 3”kinase 
complexes, and suggest that  IRS-1 forms  a stable link between 
the insulin  receptor and  the  PtdIns 3“kinase. 

The blots  in Fig. 7B, lanes a-d were reblotted  with anti- 
phosphotyrosine  antibody to confirm the presence of IRS-1 
in the  aIR immunoprecipitates (Fig. 7 C ) .  The 95-kDa insulin 

receptor @-subunit was apparent in all lanes; there was sig- 
nificant basal receptor  phosphorylation as well as a marked 
insulin-stimulated increase in tyrosyl phosphorylation  (Fig 
7C, compare lanes  a and b, lanes c and d ) .  An uncharacterized 
205-kDa tyrosyl-phosphorylated band may represent un- 
cleaved receptor precursors. aIR immunoprecipitates from 
unstimulated receptor/IRS-1  mixtures  contained  a  small 
amount of tyrosyl-phosphorylated IRS-1, presumably due to 
basal receptor  kinase  activity, but tyrosyl-phosphorylated 
IRS-1 increased markedly in aIR immunoprecipitates from 
insulin-stimulated  receptor/IRS-1  mixtures (Fig. 7, lanes c 
and d) .  Interestingly,  tyrosyl-phosphorylated IRS-1 was also 
clearly seen in  the  aIR immunoprecipitates from insulin- 
stimulated mixtures which contained no added IRS-lbnc (Fig. 
7,  lanes b). IRS-1 is not  present in lectin-purified insulin 
receptor preparations,  and its tyrosyl phosphorylation  is un- 
detectable  in unstimulated CHO cell lysates (data  not shown). 
Thus,  the only likely source of this tyrosyl-phosphorylated 
IRS-1 is the phosphorylation by the immobilized insulin 
receptors of endogenous IRS-1  present in the CHO cell ly- 
sates, with  subsequent  formation of receptor/IRS-1 com- 
plexes. Given the ability of tyrosyl-phosphorylated  IRS-1 to 
bind the  PtdIns 3”kinase in vitro (Backer et al., 1992b), the 
formation of ternary  receptor/IRS-l/PtdIns 3”kinase com- 
plexes may account for much of the  apparent in  vitro associ- 
ation of the insulin  receptor  with the  PtdIns 3”kinase. 

DISCUSSION 

Binding of insulin to  its receptor leads to  the rapid  auto- 
phosphorylation and activation of the insulin receptor tyrosyl 
kinase, which in turn phosphorylates the cytoplasmic protein 
IRS-1  (Sun et al., 1991). Tyrosyl-phosphorylated insulin 
receptors and tyrosyl-phosphorylated IRS-1 both  appear to 
associate  with the  Type I or PtdIns 3”kinase  (Backer et al., 
1992a). We have recently shown that  the  PtdIns 3”kinase is 
activated by its association  with IRS-1, which in the absence 
of detectable p85 tyrosyl  phosphorylation suggests that IRS- 
1 plays  a key role in the regulation of the  PtdIns 3”kinase by 
insulin  (Backer et al., 1992b). This report describes the phys- 
ical associations which link the insulin receptor, its substrate 
IRS-1, and  its downstream effector PtdIns 3”kinase in intact 
cells. 

The association between IRS-1  and  the  PtdIns 3“kinase 
occurs  in intact cells and is modulated by the  extent of in vivo 
IRS-1 tyrosyl  phosphorylation.  Consistent with our previous 
data,  the IRS-1-associated enzyme appears  to be the activated 
form of the enzyme which can utilize PtdIns,  PtdIns(4)P, and 
PtdIns(4,5)P2  as  substrates  (Carpenter et al., 1991). The lack 
of quantitative  anti-IRS-1  and anti-p85  antibodies has so far 
prevented  a  direct  measurement of the percentage of cellular 
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FIG. 7. In vitro association of the PtdIns 3’-kinase with the 
insulin receptor. A, partially purified  insulin  receptors (2 nM final) 
were  incubated  in the absence  or  presence of  100 nM insulin  and  IRS- 
lb”‘ (75 nM final) for  30 min at 22 “C. aIR (83-14) or aIRS-1 (aIRS- 
lb’) immunoprecipitates were prepared  and  incubated for  30 min at 
4 “C with lysates from quiescent  CHO/neo  cells. The immunoprecip- 
itates were washed again and  assayed  for PtdIns 3”kinase  activity. 
The data is  pooled  from three separate experiments;  bound PtdIns 
3”kinase activity is  expressed as a percentage of that present in anti- 
IRS-1 immunoprecipitates. B, left panel: aIR (lanes a-d) or aIRS-1 
(lanes e and f) immunoprecipitates were prepared from unstimulated 
(lanes a, c, and e )  or insulin-stimulated (lanes b, d, and f) mixtures 
containing  insulin  receptors  and the absence (lanes a and b)  or 
presence (lanes c-f) of IRS-lb”‘. The washed immunoprecipitates 
were  incubated  with lysates from quiescent CHO  cells,  washed again, 
and boiled  in  Laemmli  sample  buffer (Laemmli,  1970).  Eluted  pro- 
teins were separated by SDS-PAGE (7.5% reducing) and blotted with 
ap85 antibody (UBI) .  The position of p85a  is  indicated.  Right panel: 
aIR (lanes g and i) or aIRS-1 (lanes h and j )  immunoprecipitates 
were prepared from IRS-lb”‘/insulin  receptor  mixtures (lanes g and 
h)  or IRS-lb”‘ alone (lanes i and j )  and analyzed  by blotting  with 
aIRS-1 antibody as described  above. The position of IRS-1 is  indi- 
cated. C, the blot  in  Fig. 8B, lanes a-d, was reblotted with aPY 
antibody. The positions of IRS-1 and the insulin  receptor @-subunit 
are indicated. 

PtdIns  3”kinase which associates  with  IRS-1  after  insulin 
stimulation. However, in  lysates  from  insulin-stimulated cells, 
70% less PtdIns  3”kinase  is  available  for in uitro binding to 
phosphorylated IRS-1. I t  seems likely that  these  data reflect 
the association of the  PtdIns  3“kinase  with endogenous IRS- 
1 in  the  insulin-stimulated cells, as  the  insulin  receptor  and 
IRS-1  are  the major tyrosyl-phosphorylated species detected 
in  ap85  immunoprecipitates  (Backer et al., 1992b). Further- 
more, this  approximation of IRS-1-associated  PtdIns 3’-ki- 
nase  is  similar  in  magnitude  to  estimates  based  on  immuno- 

3’-Kinase Complex Formation 

precipitations  or  insulin-stimulated  changes  in  the specific 
activity of total uersus IRS-1-associated PtdIns 3“kinase. 
Association with  IRS-1  thus  seems  to  account for  between 
one  and two thirds of endogenous PtdIns  3”kinase (Fig. 8), 
somewhat lower than  the  near-quantitative association of the 
PtdIns  3-kinase  with  the  PDGF  receptor  in  PDGF-stimulated 
fibroblasts  (Kazlauskas  and Cooper, 1989, 1990). However, 
this difference  may depend  on  the relative intracellular  con- 
centrations of the  interacting molecules. 

PtdIns  3”kinase  activity  has also  been detected  in aIR 
immunoprecipitates from insulin-stimulated cells (Ruderman 
et  al., 1990; Backer et al., 1992a). ap85  immunoblots of aIR 
immunoprecipitates  detect  approximately  10% of the  p85a 
seen  in  aIRS-1  immunoprecipitates, suggesting that,  at  steady 
state  the bulk of IRS-l/PtdIns  3”kinase complexes are  binary 
and  do  not involve the  insulin receptor (Fig. 8). Our current 
estimate of IR-associated PtdIns  3-kinase  is lower than  our 
previous finding  that 50% of aPY-precipitable activity was 
associated  with  the  insulin receptor. However, our previous 
estimate was generated  using aPY  as opposed to   dRS-1  
antibody; aPY is less  efficient than  aIRS-1 for immunopre- 
cipitation of IRS-1,  and probably underestimated  the  amount 
of IRS-1-associated  PtdIns 3”kinase. 

The association  between the  insulin receptor and  the 
PtdIns  3”kinase observed in  intact cells may be  mediated at  
least  in  part by the  formation of ternary complexes  with IRS- 
1. The  formation of such complexes in  insulin-stimulated cells 
has been  suggested  previously,  based on  the presence of IRS- 
1 and  insulin  receptors  in  ap85  immunoprecipitates,  and  the 
presence of p85a  and  the  insulin receptor in  aIRS-1 immu- 
noprecipitates  (Backer et al., 1992b; Sun et al., 1992). We 
have now shown that overexpression of IRS-1 increases the 
amount of aIR-precipitable  PtdIns  3“kinase activity in  vivo. 
Furthermore,  addition of IRS-1  increases  the binding of 
PtdIns  3“kinase  activity  and  p85a  to  insulin receptors in 
uitro. These  data  strongly suggest that  both  the insulin recep- 
tor  and  the  PtdIns  3”kinase associate  simultaneously with 
IRS-1. The  formation of ternary complexes or even higher 

FIG. 8. Formation of binary and ternary signaling com- 
plexes in insulin-stimulated cells. The formation of binary and 
ternary complexes  involving the insulin  receptor,  IRS-1,  and the 
PtdIns 3”kinase in insulin-stimulated cells is shown. The  approxi- 
mate percentages of total cellular PtdIns 3”kinase present in each 
complex is indicated. Based on data in  Figs. 1 and 5 and  calculations 
based on previous data (Backer et al., 1992b),  30-70% of total PtdIns 
3”kinase  activity is complexed  with other intracellular  proteins  after 
insulin  stimulation; the higher estimate  is  illustrated  in the figure. 
Within this pool, data from  Fig. 1 suggests that 90% of the PtdIns 
3”kinase (or 63% of total) is present in binary IRS-l/PtdIns 3’- 
kinase  complexes, and roughly 10% (or 6% of total PtdIns 3”kinase) 
is present  in ternary receptor/IRS-l/PtdIns 3”kinase  complexes. 
Although the amount of binary  receptor/PtdIns  3”kinase  complexes 
cannot be accurately  determined, it is likely to be  small (1% of total) 
in  cells  where  IRS-1  tyrosyl  phosphorylation is robust. 
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order complexes between IRS-1  and  other signal transducing 
molecules may have important implications for the mecha- 
nism of insulin signaling. 

We observe some in uitro binding of the  PtdIns 3”kinase 
to immunopurified insulin receptors, but it is weak relative to 
that seen with IRS-1. Furthermore, the incubations of im- 
munopurified receptors with lysates from quiescent CHO cells 
lead to  the tyrosyl phosphorylation of endogenous IRS-1 and 
its association with the immobilized receptors. The receptor- 
associated PtdIns 3“kinase observed under  these conditions 
may therefore be due in  part  to IRS-1. Others have reported 
the in uitro association of the insulin receptor and  the insulin- 
like growth factor I receptor with the  PtdIns 3“kinase (Yone- 
zawa et al., 1992; Yamamoto et ai., 1992). If a  direct association 
between the insulin receptor and  the  SH2 domains in p85a 
does occur, it is likely to be mediated by the phosphorylation 
of the Y13**THM ( Y ( M / X ) ~ )  motif in  the insulin receptor 
C terminus.  In  contrast,  recent work  by  Yonezawa et al. (1992) 
have suggested that in uitro binding of immunopurified insulin 
receptors to  the  PtdIns 3”kinase  in CHO cells lysates does 
not require the C terminus,  and we observed normal levels of 
receptor-associated PtdIns 3”kinase activity in CHO cells 
expressing a 43-amino acid C-terminal  truncation mutant 
(Backer et al., 1992a). However, as we demonstrate here, the 
levels of ATP present in Nonidet  P-40  lysates from CHO cells 
are sufficient to support the insulin-stimulated phosphoryla- 
tion of IRS-1  and  its association with the insulin receptor; 
insulin-stimulated increases in aIRS-1-immunoprecipitable 
PtdIns 3”kinase also occur under these assay conditions.’ 
Thus,  anti-receptor immunoprecipitations from intact cells 
or incubations involving immunopurified insulin receptors 
and CHO lysates are likely to overestimate the  extent of 
direct  receptor/PtdIns 3’-kinase binding, as  they reflect the 
phosphorylation of endogenous CHO  cell IRS-1  and its sub- 
sequent binding to both the  PtdIns 3”kinase and  the insulin 
receptor. Consistent with this explanation, mutant receptors 
which are deficient for IRS-1 phosphorylation were also re- 
ported to be deficient for in uitro association with the  PtdIns 
3‘-kinase (Yonezawa et ai., 1992). 

Preliminary experiments with partially purified receptors 
and immunopurified p85a or GST-fusion  proteins  containing 
p85a SH2 domains do detect in uitro insulin receptor/p85a 
binding in the absence of IRS-1.’  However, the formation of 
ternary  IRS-l/receptor/PtdIns  3”kinase complexes in uiuo 
and in uitro makes it difficult to evaluate whether the  extent 
to which this occurs in intact cells. It is possible that direct 
association between the insulin receptor and  the  PtdIns 3’- 
kinase may  be proportionally more significant in cells with 
little  IRS-1  or  in which IRS-1 phosphorylation is low relative 
to insulin receptor tyrosyl phosphorylation. Alternatively, 
receptor/PtdIns  3”kinase complexes may become predomi- 
nant after 30-60 min of insulin stimulation, when receptor 
tyrosyl autophosphorylation is  still elevated, whereas IRS-1 
tyrosyl phosphorylation is significantly attenuated (Miralpeix 
et al., 1992; Sun et al., 1992). 

If interactions with IRS-1 alone can  activate the  PtdIns 3’- 
kinase, what cellular function is served by the formation of 
ternary insulin receptor/IRS-l/PtdIns  3”kinase complexes? 
The estimate that 10% of cellular PtdIns 3”kinase is involved 
in  ternary complexes reflects the steady state distribution, 
and does not rule out  transient  interactions between the 
insulin receptor and  the  PtdIns 3”kinase  or PtdIns 3’-kinase/ 
IRS-1 complexes. IRS-1 is primarily cytosolic (Sun et a[., 
1992), although it must come  close to  the plasma membrane 
during its phosphorylation by the insulin receptor. Further- 
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more, activated PtdIns 3”kinase is detected in membrane 
fractions following insulin  stimulation (Kelly et al., 1992). 
Thus,  a possible role for the formation of ternary complexes 
is the translocation of the  PtdIns 3“kinase to  the plasma 
membrane; insulin receptor/IRS-1 complex formation might 
create  a signaling unit analogous to  the  PDGF receptor, which 
contains an intrinsic PtdIns 3”kinase binding domain. 

The regions of the insulin receptor which bind to IRS-1  are 
not yet known, the binding affinities between the two  mole- 
cules have not been measured, and the role of receptor and 
IRS-1 tyrosyl phosphorylation in these  interactions  are  not 
yet understood. The use of insulin receptor mutants should 
provide a means to address this question in the future. None- 
theless, the potential  importance of insulin receptor/IRS-1 
complex formation during signaling is underscored by the 
recent finding that  the drosophila insulin receptor contains  a 
C-terminal  extension which is highly ho~ologous to  IRS-l.3 
Complex formation between the insulin receptor and  IRS-1 
may reflect the fact that these molecules  were physically 
linked in evolutionarily distant time. 

In summary, insulin stimulation of CHO/IR cells leads to 
the association of PtdIns 3”kinase with IRS-1  and  the insulin 
receptor, accounting for between one and two thirds of total 
cellular PtdIns 3“kinase. Association with IRS-1  appears to 
account for much of the previously observed presence of 
PtdIns 3‘-kinase in aIR immunoprecipitates from insulin- 
stimulated cells, as insulin stimulates the formation of ternary 
receptor/IRS-1/PtdIns 3‘-kinase complexes. In light of our 
recent observation that  IRS-1 activates the  PtdIns 3”kinase 
in uitro and in intact cells (Backer et al., 1992b), the binding 
of tyrosyl-phosphorylated IRS-1  to  the insulin receptor, p85a 
and  other signal transducing  proteins  is likely to play a pivotal 
role in insulin action. 
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