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SINCE the discovery of insulin nearly 70 vears ago, there has been
no problem more fundamental to diabetes research than under-
standing how insulin works at the cellular level. Insulin binds to
the a subunit of the insulin receptor which activates the tyrosine
kinase in the @ subunit, but the molecular events linking the
receptor kinase to insulin-sensitive enzymes and transport proces-
ses are unknown'*, Our discovery that insulin stimulates tyrosine
phosphorylation of a protein of relative molecular mass between
165,000 and 185,000, collectively called ppl8S, showed that the
insulin receptor kinase has specific cellular substrates’. The pp185
is a minor cytoplasmic phosphoprotein found in most cells and
tissues*""; its phosphorylation is decreased in cells expressing
mutant receptors defective in signalling®™''. We have now cloned
IRS-1, which encodes a component of the ppl85 band. IRS-1
contains aver ten potential tyrosine phosphorylation sites, six of
which are in Tyr-Met-X-Met motifs. During insulin stimulation,
the IRS-1 protein undergoes tyrosine phosphorylation and binds
phosphatidylinositol 3-kinase, suggesting that TRS-1 acts as a
multisite *docking’ protein to hind signal-transducing molecules
containing Src-homology 2 and Src-homology-3 domains'®"%,
Thus TRS-1 may link the insulin receptor kinase and enzymes
regulating cellular growth and metabolism.

We used the partial amino-acid sequence of rat liver ppl85
{ref. 15) to prepare optimal complementary DNA probes'®, Two
partial cDNA clones {C18 and C19) were initially identified
with these probes {Fig. 1a). Further screening yielded 14 over-
lapping clones that encode [RS-1. IRS-1 is a hvdrophilic protein
of relative molecular mass 131,000 (M, 131K) which contains
nine of the original eleven tryptic peptide sequences obtained
from rat liver pp185 (Fig. 1k and ¢), Northern analysis indicates
that TRS-1 messenger RNA is about 9.5 kilobases {(data not
shown), Mo Src-homology domains 2 and 3 (SH2/5H3) have
been identified in TRS-1. But it contains a potential ATP-binding
site beginning with a glycine-rich motif {Gly,3;-Val-Gly-Glu-
Ala-Gly) and followed by an essential lysine residue 14 amino
acids away (Ala-X-Lys,q-X-Ile, where X is any amino-acid
residue) (Fig. 1¢)'™". However, IR5-1 lacks the Asp-Phe-Gl
and Ala-Pro-Glu maotifs diagnostic of a protein kinase'
Moreover, IRS-1 does not undergo autophosphorylation in
immunecomplexes, suggesting that it is not a protein kinase
idata not shown).

IR5-1 contains many potential phosphorylation sites. Based
on typical motifs for cyclic AMP-dependent protein
kinase( R/K-R/K-X-5/T, one-letter amino acid code), protein
kinase C (5/T-X-R/K), casein kinase Il {§/T-X-X-E/D} and
the cdc2 kinase (5/T-P-X-K/R), 35 putative Ser/ Thr phosphory-
lation sites are distributed throughout the protein {Fig. 1b). At
least 10 potential tyrosine phosphorylation sites exist, six of
which are located in the central region of IRS-1 and contain
the YMXM motif (Fig. 1#); three others have a YXXM motif,
and one site has the sequence EYYE. Synthetic peptides contain-
ing the YMXM motifs were phosphorylated by the purified
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insulin receptor with Michaelis constants, K, of about 50 pM,
suggesting that these tyrosine residues are possible phosphoryla-
tion sites of IRS-1 in vivo (data not shown).

The predicted M, of TRS-1 (131K} is smaller than expected
for a protein that migrates between 175 and 185K during $D&-
PAGE. But expression of IRS-1cDNA in CHO  cells

FiG. 1 a IRS-1 cloning strategy. The cDNA clones C18 and C19 were identified
from Lib-1 {see Methods) with & mixture of optimal cOMNA probes constructed
from the partial amino-acid seguence of pplB8S (ref. 15). The remaining
clenes were identified by screening Lib-1 and Lib-2 with the radiolabalied
3.200-base pair (bp) EcoRl insert of clone C18, or the 1 300-bp EcoRi
fragment from clone P2-2, Overlapping ¢DNA sequences are indicated by
the salid bars, and concatamers farmed between cONAS encoding IRS-1 and
albumin or urknown sequences are indicated by the open bars. The EcoRl
site is found in the cOMA, whereas the EcoRi-linkers were contributed by
the AZapll vector. The partial cOMNA s 5365 bp long and contains an open
reading frame which extends from a Kozac start site at nucleotide 589, 1o
the first TAG stop codon at nuclectide 4293, & IRS-1 structural features.
The hydropathicity of the deduced sequence of IRS-1 was analysed by the
Kyte-Doalittle algorthm. The relative location of potential Ser/Thr phos-
phorylation sites for casein kinase [|CK-I1) (5/T-X-%-E/D) cANP/cGMP kinase
{R/K RS T), protain Kinase C (PKE(S/T-5-R/K), and oo Hinase (5/T-P-
X-W/R are shown, Potentiad tyrosine phosphorylation sites and the surround-
ing amino-acid sequence is shown to llustrate the distribution of YMEM ar
¥XXM motifs, ¢ Complementary DNA and deduced protein sequence of
IRS-1, The partial cDMA sequence of IRS-1 is shown with the deduced
armino-acid seqguence of its 131 K open reading frame. In-frame stop codons
in the B'.untranslated end are indicated in lower-case letters, ard the Kozak
initiation site, CAGCATEGE. is underlingd in bold starting &t nucleotide 585
The locations of the tryptic peptides obtaired from the pplB5 band™= are
indcated in bold (zingle-letter code) under the corresponding amine-acid
sequerce, The putative ATP-binding site beginning at Gly13T is shown in
italic under the corresponding amino-acid sequence. Potential tyrosine phos-
phorylation sites are indicated by bald typeface in the deduced amino-acid
sequence; potential sites of gliycosylation are underlined. In the 3'-untrans-
lated region, inframe stop codons are indicated in lowercase. & putative
pedyld) ™ adenylation signal, TATAAA, is underlined in bold, and the mRNA
destabilization consensus saquence. ATTTA, Is shown in bodd italics, Dis-
agreements between the nucleotide sequence of Lib-1 and Lib-2 are indi-
cated by the discordant nucleotide from Lib-2 above tha consensus
SEOUEnCE,

METHODOS. Two oligoldT) and random-primed bacteriophage cOMA libraries,
Stratagene 9365907 iLio-1) and 936512 (Lib-2) were screened with oplimal
oligonuclentide probes to Pep 80 and Pep 138, A pair of oligonucieatides
(Dligos Etc.. Conrecticut) with a 12-rucleatide overlap {underlined sequence!
were  synthesized for Pep 80 (TCTGCTGTGACAGGICCCGEIGAGTTCT-
GGATGCAGGTGE and CATGTTCTGGGCCTTCACAGAGTCATCCACCTGCATEC),
and Pep 138 (COGEELCTCATCGCCTGTCAGGGCAGGEEAGGTGCCCAT and
TACATCCCTGGCGCCACCATGGGCACCTC). Each pair of oligonuclectides
10,6 pmal} was annealed in 10 ul labelling buffer (Amershaml [ZPldCTP
(210wl 4 mciml =, 3000 01 per mmal} and [**PldGTP {21 i 20 mCiml =,
6,000 Ci per mmal) were mized and lyophilized in microfuge tubes., followed
by addition of 26 wl H.0, 4 pl of 5=labelling buffer, 4 wl dATP and dTTP,
10 pl annealed oligos, and extended with excess Klanow [Amersham]. The
mixture was incubated at room temperature for 2 b and then at 37 °C for
30 min, The labelled probes were separated from free dMTPS using an Elutip
(Schleicher & Schuell), Specific activity was 2 = 10? c.pom. per pmol for probe
a0 and 225 = 10" c.pm. per pmol for probe 138, About 1.5 % 107 plaques
were plated at a density of 50000 plaques per 150-mm plate, transferred
te nitrocellulose filters iSchigicher & Schuell), and screened with an equimalar
mixture of probes B0 ard 138 (3 =10% cpm. per mil). Hybridizations were
performed avernight in 5 Denhardt’s salution containing 20% formamide,
10% dextran sulphate, 6=5SC, and 50 mM sodium phosphate (pH 6.8)
cortaining 100 wg mi™* salmon sperm DA, Filters were washed 3 times
with 2 = S50 containing ©.1% SDS at 22 °C far 30 min, then with 0.2 <580
and 0.1% S0S for 30min at 37 °C. Dried blots were exposed to Kodak
XAR-5 film with a Quarta 111 itensifying screen at —70 L. The pBluescript
5K plasmid cantaining the cDMA inserts that remained positive after twa
rounds of plaque purification were released from the AZapll vector by i
wiva excision with the helper phage R408, a5 described in the manufacturers
instructions (Stratagene), Inserts were sequenced on both strands with
Seguenase (USB) using specific primers selected at convenient intervals,
The sequence was canfirmed by sequencing the coding strand of indapandent
cOMA inserts ootained from Lib-2. Sequences were aligned and analysed
using the EUGENE and SAM programs (Molecular Biology Computing Research
Resouree, Dana Faber Cancer Institute and Harvard Schood of Public Health),
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(CHO/IRS-1) revealed that IRS-1 migrates as a 180K
phosphoprotein - during  insulin - stimulation.  [TRS-1  was
immunoprecipitated from insulin-stimulated CHO/IRS-1 cells
with anti-phosphotyrosine antibody, and it migrated exactly
with ppl85 from CHO/IR cells (Fig. 2, lanes a-d). The ppl&3
was undetected in CHO/neo cells during insulin stimulation
(Fig. 2, lanes e and 1), suggesting that either overexpression of
TRS-1 or the insulin receptor was necessary to obtain a detectable
signal in this assay,

The juxtamembrane region of the insulin receptor 8 subunit
is essential for signal transmission, and mutations in this region
by substitution of Tyr 960 with phenylalanine {CHO/ IR g0,
or deletion of 12 amino acids around Tyr 960 (CHO/ IR yaual,
impairs normal insulin-stimulated tyrosine phosphorylation of
ppl85 (refs 19, 207, As shown previously, the mutant receptors
autophosphorvlate normally during immunoprecipitation with
the  anti-phosphotyrosineg  antibody,  but  pplB3  was
immunoprecipitated only from the insulin-stimulated CHO/ LR
cells (Fig. 3a. lanes a and b). Using anti-IRS-1 antibody, a single
[**Plphosphoprotein was identified in each cell line before
insulin stimulation which migrated at a position corresponding
te an M, of 1635-175K (Fig.3b). This protein was not
immunaprecipitated with anti-phosphotyrosine antibody as it

Insulin IR IR5-1 neo
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— 66
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FIG. 2 Exprassian and tyrosirg phospharylation of IRS-1 in CHO cells. CHO
cells expressing 105 insulin receptors (CHOYIR) (lanes & and b), IRS-1
(CHOAIRS-1) lanes ¢ and d), or no exogenacus cONA ICHD/nea) {lanes & ard
fl were lahelled with [**Plarthophosphate™® and incubated without (3, ¢ and
al ar with 100 nM insulin for 1 min ib, d and ). Phosphotyrosine-containing
proteins were immunaprecipitated from cell extracts with  antiphos-
phatyrosirg antibody separated by S0S-PAGE under reducing conditions,
and detected by autoradiography'®, The migration positicns of the @ subunit
af the insulin receptor and IRS-1 are indicated.

WETHODS, The CHO-IR and CHOVneo cells have been descrined™ CHO/IRS-1
cells were prepared by calcium phosphate-mediated transfection of the
IFS-1 ¢cOMA In the expression vector pChivhis (M. Birnbaum, Harvard Medical
School) which contains a histidingl resistance gene™. The nancoding regian
of the IRS-1 cONA containg several inframe start and stop codons which
might interfere with the efficient transiation. These regions were removed
as follows: the seguence of 553 to 997 including the start codon at 588
and Bst Ell sit at 642 was amplified by polymerase chain reaction (PCR), A
S-end primer located at position 553 acapted with an Spel site (TCAACT-
AGTTTTTCGACACCTCCCTCTGCT) and 3.end primer at nuclectide 997
(CAGAGCTECCGCTGCA) in the IRS-1 cDNA were synthesized {(Migos Etc.).
PCR was perfarmed in 100 wl 100 mbd Tris-HCIL pH 8.3, containing 40 mid
K.CIL, 1.5 mit MgCH, , 0.01% gelatin, 0.2 mM dNTP, B0 pmol of primers, 0.5 pg
full-length IRS-1 cONA in pBluescript-l and 2.5 units of Tag DNA polymerase
(Perkin Elmer Cetus). The reaction was cycled 10 times at 94 °C (1 min),
5550 (2 mimy and 72 °C (1.5 min}. Both PCR products and full-length ppl85
cONA in pBluasceript (Stratagene) were cut with Spel and Ss¢Ell. The 5'.end
region in the full-length IRS-1 cDMA was replaced by the fragment of
BE3-G42 raleased from the PCR product. The néw wector carrying the
medified IRS-1 cDMNA was confirmed by sequencing and restriction mapping.
The complete IRS-1 cOMA was confirmed by DNA sequencing and released
from pEluescript by digestion with Spel and EcoRY, blunt-end inserted into
pChvhiz at 3 blunt-ended Hindlll ite. CHO cells were co-transfected with
this plasmid (10 pg) and pSYEneo (0.5 gl selected with 800 pg ml * G418
[ref, 19), and then with 10 mi histidinicd (Sigmal. Four surviving clores were
salected and all expressed raised levels of IRS.1.
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contained predominantly phosphoserine and a small amount of
phosphothreonine (Fig. 3c). After insulin stimulation of the
CHO/IR cells, phosphorylation of IRS-1 doubled and it
migrated with a higher M_ (175-185K) (Fig. 3b, lanes g and h),
IRS-1 and ppl85 from insulin-stimulated CHO/IR cells con-
tained phosphotyrosine (Fig. 3¢). Insulin had little or no effect
on the phosphorylation of IRS-1 in the CHO/IR ., and
CHO/ TR yapq cells, which is consistent with the absence of ppl85
in the corresponding anti-phosphotyrosine immunoprecipitates
(Fig. 3a and k). These results show that IRS-1 has characteristics
similar to those of ppl&5, suggesting that they are related
proteins.

A phosphatidylinositol 3"-kinase ( PtdIns 3'-kinase) associates
with certain phosphotyrosine-containing proteins, including
receptors for platelet-derived growth factor {PDGFE), epidermal
growth factor, colony stimulating factor-1 and insulin'®*'-*.
These ligands also increase the amount of PrdIns 3-ph|:n§53hate
in intact cells’® which may be important in growth control'®. As
previously described®>**, PtdIns 3'-kinase was detected in anti-
phosphotyrosine and anti-insulin receptor immunoprecipitates

FIG. 4 Insulin stimulation of phosphatidy] inositol 3'-kinase, CHOYIR cells
wera stimulated with 100 nM insulin for 10 min and extracted . The Prding
J-kinase activity was assayed in iImmunecomplexas prapared with antiphos-
phetyrasine antibady (anti-Tyr(PY, anti-insulin receptor antibody (ant-IRP7,
and anti-IRS-1 antibody.

METHODS. Irt witra phospharylation of phosphatidvlinosital was carried out
in the immurecomplexes as descrined™. Subconfluent CHO cells grown in
100-mm dishes were made quiescent by an overnight incubation in F-12
medium containing 0.5% B3A, The cells were then incubated in the absance
ar presence of insulin {100 nM] for 10 min, and washed once with ice-cold
PES and twice with 20 mb Tris (pH 7.5) containing 137 mid NaCl, 1 mM Meci,,,
1 mhd CaCly, and 100 M Na V0, (buffer A). The cells were solubilized in
1 mi buffer A containing 1% N-P40 (Sigmal and 10% glycerol, and insoluble
material was removed by centrifugation at 13,000g for 10 min. Immune-
complexes were precipitated from the supernatant with protein A/Sepharose
{Pharmacia) and washed successively in (1) PES containing 1% N-PAD and
100 pM NagVoy, (3 times); {2) 100 mM Tris (pH 7.5) containing S00 mi LICI,
and 100 uh Na, v, (3 times), and {3) 10 m Tris (pH 7.5] containing 100 m
MaCl, 1 mh EDTA and 100 wh Nay VO, (twice). The pellets were resuspended
im 50wl 10 mM Tris (pH 7.5] containing 100 mM NaCl and 1 mM EDTA. To
each pellet was added 10 pl 100 mM MECI; and 10 pl phosphatidylinosital
[Avantil [2 pg ul ™) sonicated in 10 mM Tris (pHT.5) 1 mM EGTA. The
reaction was started by the addition of 10 ul 440 pM ATP containing 30 wCi

76

FIG. 3 Insulin-stimulated phosphorylation of ppl85 and IRS-1 in CHOYIR
c2lls, or CHO cells exprassing mutant receptors (Reesg 0F IR o) has been
previously described®*%, CHOVIR cells (lanes a. b, g and h), CHO/ Ry, cells
flares ¢, 4. | and j) and CHOYIR 4y cells (lanes e, . k and |) were labelled
with 0.5 mCi mi™* [**Flerthophosphate for 2 h, and then incubated without
§ =} insulin ar with {+) 100 M insulin for 1 min*?, Cell extracts were prepared
and immunoprecipitated with anti-phosphatyrosine antibody (8) or the
specific IRS-1 antibody (&), separated by SD5-PAGE under reducing condi-
tions, and the phosphoproteins detected by autoradicgraphy, c Phos-
phoamiro-acid composition of ppl85 and IRS-1 immuneprecipitated from
CHO/IR cells with antl-phosphotyrosine antibody lares a and bl or anti-IRS-1
flanes ¢ and d), respectively. Phosphoamino-acid analysis was carried out
on tryptic digests™. The anti-IRS-1 antibady was prepared in rabbits with
synthetic PepB0 (provided by 3. Shoelson, Joslin Diabetes Center) coupled
te keyhole limpet hasmocyanin®

after stimulation of CHO/IR cells, but eight times more
PtdIns ¥'-kinase activity was found in anti-IRS-1 immuno-
precipitates {Fig. 4). Immunoprecipitation of PtdIns 3-kinase
by anti-IRS5-1 antibody was blocked by the peptide antigen and
did not occur with nonspecific cabbit antibodies; HPLC analysis
confirmed that the principal product was phosphatidylinositol
-phosphate (data not shown).

The association of PtdIns 3'-kinase with [RS-1 during insulin
stimulation supports the hypothesis that IRS-1 binds signal
transduction molecules during insulin-stimulated tyrosine phos-
phorylation, Tt is unlikely that IRS-1 itself is a PtdIns 3'-kinase,
because the purified PtdIns 3-kinase exists as a 110K catalytic
subunit and an 85K subunit which contains two SH2 domains
and one S5H3 domain'**'**** The uassociation between
PtdIns ¥'-kinase and IRS-1 probably occurs through phosphory-
lated ¥YMXM motifs on [R%-1 and the SH2/5H2} domains on
the 85K subunit. Insulin increases the cellular concentration of
PtdIns 3-phosphate, suggesting that the PtdIns 3¥-kinase is acti-
vated during insulin stimulation®™, Tyrusine,[?hosphor}']aLion of
the 85K subunit may activate the kinase*’, but there i= no

4000 |

32P_phosphate {c.pm, )
s B OB

e 8 8 &

|

Insulin - + X + & +
anti-IR - anti-Tyr[P) anti-IRS-1
Immunocomplex

[**P]aTP. After 10 min at 22 °C, the reaction was stopped by the addition
of 20wl BM HZI and 160 pl CHCly: methanod {1:1). Samples were cen-
trifuged, and the lower organic phase removed and applied to a silica gel
thin-layer chromatography plate (Merck) which had been coated with 1%
potassium oxalate. Thin-layer chromatography plates were developed in
CHELy:CHLOH H0 NH,OH  (60:47:11.3:2), dried and  visualized by
autoradiography. The radioactivity in spots which co-migrated with Prdins-4p
standard (Sigma) was measured by Cererkov counting as before®™.

MATURE - VOL 352 - 4 JLY 1991
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evidence for phosphorylation of an 85K bhand during insulin
stimulation. Activation may occur during the binding of the
Ptdlns 3'-kinase to IRS-1, but there is no direct evidence for
this, The PtdIns 3%-kinase binds weakly to the insulin receptor,
which may be an important step to recruit the enzyme (o the
plasma membrane. Recovery of the PrdIns 3'-kinase in anti-
insulin receptor immunoprecipitates, however, could be due to
an association between the insulin receptor and the IRS-
1/PtdIns 3"-kinase complex, rather than direct binding of the
insulin receptor to the Prdlns 3 -kinase,

Other signal transduction proteins, including the phos-
phoinositide-specific phospholipase C., |, the GTPase-activating
protein and various Src-like tyrosine kinases, contain $H2/5H3
domains and associate strongly with certain membrane-bound
phosphotyrosine-containing proteins, such as the PDGF recep-
tor'*"'*, The PDGF receptor contains a YMXM and a
homologous YVXM motif in its kinase-insert region which is
essential for binding PidIns 3"-kinase'”. The association between
the PDGF receptor and the PtdIns 3'-kinase, but not phos-
pholipase C., or GTPase-activating protein, is blocked with
phosphopeptides containing the YMXM motif, suggesting that
phosphorylated YMXM motifs form specific recognition sites
for proteins containing certain isoforms of the SH2/SH3
domain'**', The presence of nine potential tyrosine phosphory-
lation sites in YMXM and YXXM motifs suggests that 1RS-1
may act as a multisite "docking’ protein which binds a variety
of signal-transducing molecules that contain the appropriate
SH2/5H3 domains, Other tyrosine kinases may also phosphory-
late specific sites in IRS5-1, and serine/threonine kinases could
regulate association between IRS5-1 and other molecules. This
model may begin to explain the pleotropic effects of insulin,
especially if the activity or cellular location of various signal
transduction molecules is altered during association with
tyrosine-phosphorylated TRS-1. We have been unable to identify
an intrisic enzymatic activity for IRS-1, but if one exists it could
also play an important part in insulin signalling. O
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