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Perspectives in Diabetes
The New Elements of Insulin Signaling
Insulin Receptor Substrate-1 and Proteins

With SH2 Domains

MARTIN G. MYERS, JR. AND MORRIS F. WHITE

Since the discovery of insulin and its receptor, the
downstream elements responsible for the pleiotropic
insulin signal have been difficult to define. The
recently discovered insulin receptor substrate, IRS-1,
provides an innovative and simple way to think about
this problem: IRS-1 may mediate the control of various
cellular processes by insulin. Overexpression of IRS-1
enhances insulin-stimulated DNA synthesis in Chinese
hamster ovary cells, and microinjection of IRS-1
protein potentiates the maturation of Xenopus oocytes.
We suspect that insulin signals are enabled when the
activated insulin receptor kinase phosphorylates
specific tyrosine residues in IRS-1. These
phosphorylated sites associate with high affinity to
cellular proteins that contain SH2 (src homology-2)
domains. This association is specific and depends on
the amino acid sequence surrounding the
phosphotyrosine residue and the isoform of the SH2
domain. A growing number of SH2 domain—containing
proteins have been identified, and we suspect that
IRS-1 has the potential to simultaneously regulate
many of them. We have only begun to identify the
specific proteins that associate with phosphorylated
IRS-1. One of them, the phosphatidylinositol 3'-kinase,
is activated when the SH2 domains in its 85,000-M,
regulatory subunit bind to phosphorylated IRS-1. IRS-1
also interacts with other proteins such as SHPTP2, a
novel SH2 domain-containing Tyr phosphatase, and
GRB-2/sem-5, a protein that is implicated in p21™*
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signaling. The interaction between phosphorylated
IRS-1 and multiple SH2 domain—containing proteins
may ultimately explain the pleiotropic effects of insulin.
Diabetes 42:643-50, 1993

ince the discovery of insulin more than 70 years
ago, its effect on carbohydrate, fat, and protein
metabolism has been well established (1). Insu-
lin treatment of responsive cells generates mo-
lecular signals that regulate membrane transport
processes (glucose, amino acids, and ions), activate and
inactivaté enzymes, and regulate gene expression, pro-
tein synthesis, and DNA synthesis. Howewver, the nature
of these signals has been difficult to determine (2).
When the insulin signal pathways bacome rasistant to
hormonal stimulation, impaired glucose tolerance may
result. This may lead to NIDDM when too much insulin is
needed to trigger an adequate insulin response and the
pancreas cannot compensate. The biochemical prob-
lems that cause insulin resistance are not well under-
stood. Mutations of the insulin receptor appear to be the
culprit in a few cases of severe insulin resistance (3);
howeaver, the underlying molecular defects in the majority
of NIDDM patients are unknown. Approaches that seek to
identify marker genes that segregate with NIDDM hava
succeeded in some well-defined families with maturity-
onset diabetes of the young, where alterations have been
identified on chromosome 20 near the adenosine deam-
inase gene in one family (4), and on chromosome 7 in the
glucokinase gene in several other families (5). However,
identification of each element responsible for insulin
resistanca in the majority of MIDDM patients may only
arise from a full characterization of the molecular path-
ways of insulin signal transmission.

THE INSULIN RECEPTOR
After its release by the B-cells of the pancreas, insulin
binds to the insulin recepfor on the surface of cells
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FiG. 1. A model of the insulin receptor and potential receptor
slgnaling mechanismes. Insulin binding to the extraceliular e-subunits
of the insulin receptor activates the Tyr kinase of the intracellular
p-subunits, causing a cascade of autophosphorylation within the
p-subunit. Sites In the cytoplasmic juxtamembrane region, the
COOH-terminus, and the so-called regulatory region of the kinase
domain are autophosphorylated. Tyr phosphorylation of sites in the
regulatery region further activates the receptor kinase. Two potential
mechanisms of insulin receptor gignaling are diagrammed:
Downstream signaling may be mediated by some steric change or
proteln binding secondary to receptor autophosphorylation signal A},
as |s the case for the PDGF receptor and related receptors. Signaling
by the insulin receptor may alternatively be secondary to the
phosphorylation of intracellular substrate proteins (signal B). What we
now know of IRS-1 suggests that signal 5 is more important in insulin
signaling (see text). However, it should be recalled that
sutophosphorylation also Is essential to signal B, as it activales the
insulin receptor Tyr kinase and allows It to phosphorylate IRS-1 more
readily.

throughout the body (8). The receptors are heterotet-
rameric transmembrane glycoproteins composed of two
a- and two B-subunits (Fig. 1). The a-subunits are com-
pletely extracellular and contain the insulin-binding do-
malin, whereas the B-subunits are composed of an
extracellular domain, a membrane-spanning domain,
and a 402 amino acid intracellular tail (7). This intracellu-
lar domain contains a Tyr-specific protein kinase similar
to that of certain cellular proto-oncogens products (e.g.,
pBO°®<, c-ros) and the receptors for certain peptide
growth factors ( e.g., PDGF and EGF) (7.8).

Insulin binding immediately activates the Tyr kinase in
the B-subunit, resulting in autophosphorylation of Tyr
residues in three regions, including the juxtamembrane
region, the regulatory region, and the COOH-terminal
region (9-11) (Fig. 1). The Tyr kinase activity of the
receptor is crucial for insulin action; naturally occurring
mutations of the insulin receptor that inhibit kinase activity
and block autophosphorylation are associated with se-
vere insulin resistance (12,13). Moreover, point mutations
of the insulin receptor designed to destroy ATP binding
(and thus abolish kinase activity) also abragate insulin
signaling in cultured cells {14-16). Thus, it seems clear
that insulin-stimulated autophosphorylation or the subse-
guent phosphorylation of other proteins by the activated
insulin receptor is the key event for signal transmission.

THE DISCOVERY OF IRS-1
Two possible models of insulin signal transmission are
outlined in Fig. 1. One model suggests that Tyr autophos-

phorylation causes a conformational change in the
B-subunit of the insulin receptor (17), facilitating the
interaction of the insulin receptor with cellular elements
responsible for downstream signaling. This model is
especially attractive because it is used by the EGF and
PDGF receptors to interact with PLC-y, p21™4-GAP, and
GRB-2/sem-5 (18-26,78), However, the direct associa-
tion of these or ather molecules implicated in signaling
has not been clearly demonstrated for the insulin recep-
tor. Moreover, in contrast to these receptors, the insulin
receptor kinase is activated by autophosphorylation
(27.28), suggesting that the intracellular insulin signal
may be enabled by tyrosyl phosphorylation of some other
molecule.

Distinguishing between autophosphorylation-based
signaling and substrate-based signaling has been diffi-
cult in the case of the insulin receptor because autophos-
phorylation is linked to receptor kinase activity. Thus,
mutation of important sites of Tyr autophosphorylation
abrogates the receptor's signaling either because phos-
photyrosines that serve as binding sites for downstream
mediators are eliminated or because receptor kinase
activity is reduced (28-31).

The development of high-affinity antiphosphotyrosine
antibodies (w-PY) provided the first evidence for the
existence of a direct cellular substrate of the insulin
receptor (32,33). Immediately after insulin stimulation, the
a-PY immunoprecipitates or immunoblots a tyrosyl-phos-
phorylated protein that migrates as a broad band of
~185,000 M, during SDS-PAGE (32,33). This protein,
originally called pp185, is distinct from the insulin recep-
tor by various criteria (32,33). It is located mainly in the
cytoplasm and contains phosphotyrosine, phospho-
serine, and phosphothreoning after insulin stimulation
(33). Insulin receptors with mutations in the intracellular
juxtamembrane region of the B-subunit (Fig. 1) provide
indirect avidence that pp185 is important in insulin sig-
naling. Substitution of Tyr®® or deletion of Tyr**® and 11
adjacent amino acids from the insulin receptor juxtamem-
brane region impairs common insulin biceffects, includ-
ing glycagen and DNA synthesis (34-37). Moreover,
although their kinase Is normally activated during in vitro
assays, neither of these mutant receptors stimulates the
tyrosyl phosphorylation of pp185 in vivo, suggesting that
the pp185 may be relevant in insulin signaling (34,36,37).

We purified pp185 from insulin-stimulated rat liver by
affinity chromatography on immobilized «-PY (38) and
isolated the cDMA for this novel protein, which we call
IRS-1 (39,40). An identical protein also was purified from
3T3-L1 cells (41), and the human cDNA was accidentally
cloned from liver by others (42).

IRS-1 is a cytosolic protein with a predicted molecular
weight of 131,000 M. It migrates between 170,000 and
180,000 M. on SDS-PAGE when expressed in CHO cells
or in a baculovirus expression system (39,43). IRS-1 Is
highly serine phosphaorylated and is rapidly Tyr phosphor-
ylated in response to insulin (39,43). Although IRS-1 Is
highly conserved between rats and humans, it has litle
extendad homaology to other known proteins (39,42), One
potential nucleotide binding site near the amino terminus
of IRS-1 is conserved between the rat and human pro-
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TABLE 1
Patertial Tyr phosphorylation sites in IRS-1

Position Surrounding sequence
12 45,47 ARLEYYENEK
3 107 QDSWYQALL
4 147 EDLSYDTGP
5 426 SSDEYGSS3P
& 460 ELS3NY I CMG*
7 546 SIEEXTEMM®*
8 578 PTHSEYPFEEG
9 608 TODGYMPMS P*t
10 6248 GNGDYMPMS Pt
11 658 DPFNGYMMMSP*t
12 727 CTGDYMNMSP*t
13,14 745,746 FSECYYGPED
15 895 SPGEXVNIE
16 839 GSEEYMNMD®
17 987 SRGDYMTMQ"
18 1010 APYSYADMRB®
19 1172 KSLNY IDLD
20 1222 BLSTYASIN

Potential Tyr phosphoryation sites are underlined and shown
with surrounding amino acid sequences. Mearby acidic aming
acids (DfE), thought to be important for Tyr kinase recognition,
are in beld.

*Tyr lying in a YXXM or ¥YMXM motif.

tFour of the YMXM motifs are followed by the amino acids SP.

teins; however, other seguences predictive of protein
kinases are not present in IRS-1, suggesting that this
motif is not part of a kinase catalytic site (8,39.42). Rat
IRS-1 also contains a series of 11 glutamine residues
homologous to the palyglutamine tracts found in proteins
such as the glucocorticoid receptor, but only & of these
residues are conserved in human IRS-1 (39,42), and no
evidence exists that IRS-1 binds DNA,

IRS-1 contains over 30 potential serine/threonine phos-
phorylation sites with homologies to casein kinase Il
protein kinase C. the MAP kinases, cde 2, and cAMP-
and cGMP-dependent protein kinase consensus phos-
phorylation sites (39). Before insulin stimulation of cells,
IRS-1 is strongly serine phosphorylated and weakly thre-
onine phosphorylated. After insulin stimulation, Tyr and
serine phosphorylation of IRS-1 is increased (43),

The 20 potential Tyr phosphorylation sites on IR3-1
{Table 1) are conserved between rat and human IR5-1,
and the surrounding 3-4 amino acids are identical for 16
of these Tyrs, with one or two conservative changes in 4
others; this suggests thase Tyrs perform some consarved
function (39,42). Interestingly, & of thase Tyrs lie in the
amino acid sequence motif YMXM (Tyr-Met-Xaa-Meat)
and 3 others lie in related YXXM motifs (Table 1) (39),
Multiple sites on IRS-1 are Tyr phosphorylated both in
vivo and in vitro, as phosphopeptide mapping of IRS-1
from insulin-stimulated cells or from in vitro reactions with
purified insulin receptor and recombinant IRS-1 demon-
strates the presence of many tyrosyl phosphopeptides
(43,44). Owing to the complexity of the phosphorylation,
we hava only begun to identify which sites are phosphor-
ylated in vitro by the purified receptor and whether these
carrespond to the sites used in vivo,

IRS-1 is an in vivo substrate for the IGF-I receptor and
for the insulin receptor (45), but the receptors for FOGF,
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EGF, and CSF-1 do not phosphorylate IRS-1 (M.G.M,
M.FW, unpublished observations). However, wa have
not exhausted this analysis, and it seems likely that other
IRS-1—specific kinases will be identified in the future.
Thus, IRS-1 appears to be involved in signaling by only a
subset of growth factor receptors and may confer unique
attributes to the signaling pathways initiated by certain
kinases.

IRS-1 MEDIATES INSULIN SIGNALS

One of the most important questions regarding IRS-1 is
whether it plays an obligatory role in the biological
function of insulin, and whether its dysfunction is impor-
tant in NIDDM. This is a difficult problem because phys-
iological systems to evaluate the role of specific proteins
in insulin action are difficult to manipulate at the molec-
ular level. Initially, wa used CHO cells to evaluate the
biological potential of IRS-1. Although CHO cells are a
poor substitute for fat, muscle, or liver cells, they provide
a useful experimental system as they contain less endo-
genous IRS-1 than insulin-sensitive tissues, are easily
manipulated, and display some insulin-sensitive glyco-
gen and DA synthesis (34).

Before transfection of CHO cells with IRS-1, Tyr phos-
phorylation of the endogenous IRS-1 is weakly detected
with an «-PY after insulin stimulation (43). Howewver,
overexpression by 20-fold of rat IRS-1 in these cells
resulis in an easily detectable IRS-1 band during «-PY
immunoblots. Insulin-stimulated DNA synthasis is moni-
tored inthese cells by measuring [PH]thymiding incorpo-
ration. The overexpression of IRS-1 alone in the CHOYIRS
cells increases by twofold the maximum response of
thymiding incorporation to insulin stimulation, with o
effect on the sensitivity to insulin (43). Unfortunately, this
interpretation is complicated by the substantial insulin
sensitivity of the control cells. However, we canclude that
IRS-1 plays a positive rola in linking the insulin receptor to
nuclear events in these cells, A definitive demonstration
of the requirement of IRS-1 in insulin signaling awaits the
discovery or production of IRS-1 negative cells.

Paradoxically, overexpression of IRS-1 causes insulin
resistance in CHO cells that contain about one million
human insulin receptors (43). The phosphorylation of
IRS-1 is 10- to 50-fold higher in cells with high insulin
receptors than with endogenous CHO receptors (43), By
using multiple clones of CHO cells exprassing one million
insulin receptors and various levels of IRS-1, we found an
inverse relationship between levels of IRS-1 expression
and insulin-stimulated thymidine incorporation (43). This
counterintuitive result has several potential explanations,
One possibility is that as the concentrations of both
insulin receptor and IRS-1 increase in the cell, hyper-
phosphorylation of IRS-1 causes poorly timed or inappro-
priate signals. This complex relationship between IRS-1
and the insulin receptor may be partially responsible for
the insulin resistance cbserved in two expearimental mod-
els of diabetes: fasting and insulinopenic (streptozocin)
diabetes. These animals display insulin resistance In the
context of elevated levelzs of insulin receptor and IRS-1
(46).
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FIG. 2. Comparison of Ptdins 3'-kinase binding to IRS-1 and the PDGF receptor. A: Insulin receptor pathway. B: PDGF receptor pathway. After

Insulin stimulation, IRS-1 is phosphorylated on YMXM motifs by the activated insulin receptor,
orylates on YMXM motifs in its kinase insert region. Both in the case of IRS-1 and the PDGF receptor, the

receplor auto

whereas after PDGF stimulation, the PDGF

phosph
Tyr-phosphorylated YMXM motifs create high-affinity binding sites for the SH2 domains on the p85-o subunit of Ptdins 3'-kinase. (The Ptdins
3'-kinase holoenzyme Is a complex of the pB5-a regulatory subunit and the p110 catalytic subunit). This binding further causes an allosteric

change In the conformation of p85-c, activating the p110 catalytic subunit.

A positive role of IRS-1 in insulin signaling also has
been demonstrated recently in Xenopus ococytes (83).
Recombinant IRS-1 protein injected into cocytes is Tyr
phosphorylated after insulin or IGF-1 stimulation. Inter-
estingly, the majority of cocytes that have been injected
with IRS-1 protein mature (complete the first meiotic
division) in response to insulin or IGF-1, whereas unin-
jected oocytes faill to mature in response to insulin or
IGF-1. This finding not only confirms the role of IRS-1 in
insulin and IGF-1 signaling but implicates IRS-1 in cell
cycle control. The maturation of Xenopus (and other, .q.,
clam) cocyles has been induced previously by microin-
jection of MPF, a complex of cyelin and p34°9°2 kinase
(47-51). The activity of MPF varies across the cell cycle
because of its regulation by numerous phosphorylation/
dephosphorylation events (47,48). This activity is crucial
for progression across the cell cycle in systems as
disparate as yeast and mammalian cells (47). Thus,
IRS-1 could be on the pathway between the insulin/IGF-1
receptor and these important regulators of cell growth.

A PARADIGM FOR INSULIN SIGNALING

Activation of the Ptdins 3'-kinase. Insulin treatment of
cells results in the appearance of Ptdins 3'-kinase in
a-PY immunoprecipitates and causes the accumulation
of the products of Ptdins 3'-kinase in the cell (52). Ptdins
3'-kinase phosphorylates the lipid Ptdins on the 3' posi-
tion of the o-myo-inosital ring, yielding Ptdins 3'-phos-
phate or Ptdins 3-P (53). Because the enzyme can use
alternatively phosphorylated forms of Ptdins (Ptdins 4-P,
Pidins 4,5-FP;) as substrates, activation of the enzyme
also leads to the formation of Ptdins 3,4-P; and Pidins
3,4,5-P; (54). This pathway differs from the classical
Ptdins pathway in which Pidins 4,5-P. is cleaved by an
isoform of PLC to DAG and 1,4,5 IP5 by a PLC iscform,
because the lipid products of Pidins 3'kinase are not
hydrolyzed by any known phospholipase (55). Thus, the

mechanisms by which Ptdins 3’-kinase controls cellular
growth and metabolism are not known (54)

Studies with the PDGF receptor and the polyoma
MTAg suggest that Ptdins 3'-kinase is involved in cellular
growth control (54). Mutants of the POGF receptor that do
not bind fo the Ptdins 3'-kinase are deficient in mediating
cellular proliferation in response to PDGF stimulation
(19,56,57), although the Tyr kinase activity of these
receptors is similar to wild-type PDGF receptor. Similarly,
polyoma viruses expressing mutant MTAgs that are de-
ficient in binding to Ptdins 3'-kinase are defective in
cellular transformation (58).

The ability of the insulin receptor to stimulate Ptdins
3'-kinase activity maps to the juxtamembrane region of
the B-subunit, the same part of the receptor that is
required for biclogical activity and phosphorylation of
IRS-1 (34-37,59). Insulin stimulates the association of
Ptdins 3'-kinase with the insulin receptor and IRS-1
(52,60), however, much more associates with IRS-1 than
with the insulin receptor (39). The amount of insulin
receptor-associated Ptdins 3'-kinase is much smaller
than that associated with other Tyr-phosphorylated re-
ceptors, such as the PDGF, Furthermore, the association
of the insulin receptor with Ptdins 3'-kinase appears to
be indirect and actually reflects association between the
Ptdins 3'-kinase/IRS-1 complex and the insulin receptor:
IRS-1 forms a stable complex with the insulin receptor in
vivo and in vitro, and overexpression of IRS-1 in CHO
cells increases the amount of Ptdins 3'-kinase associ-
ated with the insulin receptor after insulin stimulation
(43,61). Thus, signaling by the insulin receptor differs
from other receptors (such as the PDGF receptor) by the
involvernent of IRS-1 in the signaling pathway to Ptdins
3'-kinase (Fig. 2).

Ptdins 3'-kinase and SH2 domains. Ptdins 3'-kinase is
composed of two subunits—a 110,000-M, catalytic sub-
unit (62) and an 85,000-M, regulatory protein (p85-a)
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(63—65). pB5-a has no discernible catalytic activity, but
has an SH3 domain, a region with homologies to the
noncatalytic region of the BCR kinasa and p21™-GAP,
and two SH2 domains (63-65). SH2 domains mediate
protein- protein interactions by binding to Tyr-phospho-
rylated protein motifs (66). Structural analysis suggests
that SH2 domains bind phosphotyrosine alone at low
affinity, whereas sequences COOH-terminal to the phos-
photyrosine residue contribute important contacts for
high-affinity interactions (67 and S.E. Shoelson, unpub-
lished observations). The SH2 domains of p85-« mediate
the binding of Pstins 3'-kinase to regulatory proteins like
IRS-1 and the PDGF receptor: the SH2 domains of pB5-w,
expressed as bacterial fusion proteins, bind to Tyr-
phosphonylated IRS-1 and block the binding of Pidins
3'-kinase to immobilized Tyr- phosphorylated IRS-1 (68).
The SH2 domain isoforms in p85-a preferentially rec-
ognize phosphotyrosine in YMXM (| Tyr-Met-Xaa-Met) and
related YWVXM motifs (54). As noted above, IRS-1 contains
6 Tyrs in YMXM motifs (Table 1) (39), and these Tyrs
reprasent likely sites for insulin receptor—catalyzed Tyr
phosphorylation (69). The PDGF and CSF-1 receptors
and MTAg also contain Tyr phosphorylation sites in these
motifs and associate strongly with Ptdins 3'-kinase (54).
In the case of growth factor receptors (Fig. 2), these sites
lig in the kinase insert region of the receptor and are
autophosphorylated on receptor activation ({54). This
explains the requirement for the kinase insert region of
these receptors for association with and activation of
Psting 3'-kinase (19,56,70). Site-directed mutagenesis
of the kinase-insert region of the PDGF receptor has
shown that the YMXM and YVXM Tyrs homologous to
those of IRS-1 are required for the interaction of Ptdins
3'-kinase with the PDGF receptor (57,71). Similarly,
MTAg is phosphorylated on a single YMXM motif by the
cellular Tyr kinase pp60¥*°, and removal of this site
abrogates the MTAg/Ptdins 3'-kinase association (54,
58). Synthetic peptides containing tyrosyl- phosphor-
ylated YMXM motifs inhibit the binding of Ptdins 3'-
kinase ta IRS-1, the PDGF receptor, and MTAg, whereas
unphosphorylated peptides or peptides containing
scrambled sequences do not inhibit the interaction (44,
a7,68,70,71). These experiments emphasize the require-
ment for both phosphotyrosine and a specific surround-
ing sequence motif for successful recognition. As IRS-1
contains 6 YMXM motifs, it may bind multiple Ptdins
3'-kinase molecules, or simultaneously bind several dis-
tinct proteins containing a similar SH2 domain lsoform.
Moreover, phosphorylation of Tyr residues in other motifs
may mediate associations with other distinct SH2 do-
mains.
Activation of Ptdins 3'-kinase by association with
IRS-1. Based on early findings, which identified p85-« as
a Tyr-phosphorylated protein in immunoprecipitates of
activated growth factor receptors, it was thought that
association of Ptdins 3'-kinase with activated growth
factor receptors led to the Tyr phosphorylation of p85-,
and thereby to the activation of Ptdins 3'- kinase (72-74).
However, there is disagreement as to whether p85-a is
actually Tyr phosphorylated in response to growth factor
stimulation in vivo (44,72,75-77). Wea have been unable
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to detect Tyr phosphorylation of p85-e during insulin
stimulation; howewver, insulin stimulates Pidins 3'-kinase
activity severalfold (44). Moreover, Ptding 3'-kinase is
activated in vitro during association with Tyr-phosphory-
lated recombinant IRS-1 (44). Synthetic peptides con-
taining phosphorylated YMXM motifs based on [RS-1
sequences also activate the enzyme (44). In vitro activa-
tion by Tyr-phosphorylated IRS-1 proteins can be
blocked by incubation with an excess of p85-u SH2
domain fusion protein (68). Thus, the activation of Ptdins
3'-kinase is apparently attributable to the binding of the
Tyr-phosphorylated YMXM matifs of IRS-1 to the SH2
domaing in p85-a. This finding suggests that SH2 do-
mains are capable of mediating allosteric regulatory
functions and associative interactions.

MULTIPLE DOWNSTREAM ELEMENTS IN IRS-1 SIGNALING
IR5-1 contains 20 possible Tyr phosphorylation sites,
each of which could interact with an SH2 domain-
containing protein to mediate a distinct aspect of the
insulin signal. The nature of these downstream effectors
of IRS-1-mediated signaling is now under intensive
study. At least two isoforms of p85S exist (e and B). As
described above, the a-isoform associates with the p110
subunit to form the Ptdins 3'-kinase holosnzyme. The
SH2 domains of p85-p possess a high level of sequence
identity with those of pB5-a (65), and p85-p also associ-
ates with IRS-1 (M. Miralpeix, M.F.W., unpublished ob-
servations). However, lass is known about the function of
p85-B, as it does not appear to associate with p110 (78).
The pB5-a and p85-p are most distinct in the so-called
BCR-homology region, which may form part of the con-
tact region with downstream mediators (65). Moreover,
the SH3 domains of p85-a and p85-p are different
enough to be responsible for unigue signaling behavior,
Thus, pBS-B may act as an adapter molecule that links
IR5-1 to another signaling enzyme (Fig. 3).

Two newly discovered SH2 domain—containing pro-
teins, SHPTP2 (84) and GRB-2/sem-5 (79,85), have beean
found to interact with IRS-1 after insulin stimulation of the
intact cell. SHPFTPZ is a protein Tyr phosphatase that
containg two SHZ2 domains. The association of a Tyr
phosphatase with IRS-1 in a tyrosyl phosphate-depen-
dent manner provides an interesting potential mecha-
nism by which the insulin signal may either be mediated
or downregulated (Fig. 3).

GRB-2/sem-5 is a small cytoplasmic protein that con-
taing two SH3 domains and one SH2 domain and has no
apparent activity of its own; like p85-« and p85-, it is
thought to act as an adapter molecule to link downstream
signaling elements to tyrosyl phosphoproteins such as
IRS-1 (79). Interestingly, genetic analysis implicates
sem-5, the homologue of GRB-2 in C. elegans, as an
upstream regulator of p21"%. Moreover, the microinjec-
tion of both GRB-2 and p21™* into cultured cells results in
increased DMNA synthesis, whereas microinjection of ei-
ther GRB-2 or p21™® individually produces no effect on
DMA synthesis (79). By analogy, the regulation of p21™®
by insulin (84) may be mediated by the binding of
GRB-2/sem-5 to IRS-1 (Fig. 3). GRB-2 may subsequently
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FiG. 3. A revised model of insulin receptor signaling mechanisms.
Insulin binding to the extracellular c-subunits of the insulin receptor
activates the Tyr kinase activity of the pB-subunit. The insulin receptor
then phosphorylates the endogenous cellular protein, IRS-1, allowing
Ptding 3'-kinase (a complex of p85-« and p110), GRB-2, pB5-g,
SHPTP2, and other unidentified SH2 domain—containing proteins to
assoclate with IRS-1. This association is mediated by the binding of
SH2 domains to Tyr-phosphorylated amino acid motifs on IRS-1 (see
tent) and activates Ptdins 3'-kinase. By analogy, this binding may
regulate the activity of other associated enzymes.

regulate p21™* by binding and regulating a GOP/GTP
exchange factor.

We have studied other SH2 domain-containing pro-
teins as potential downstream elements of insulin signal-
ing. p21™*-GAP and PLC-y contain SH2 domains and
associate with the activated PDGF receptor (20,23-
26,81). Interestingly, we have been unable to detect the
association of GAP or PLC-v with IRS-1 in the intact cell
(M.G.M, M.F.W, unpublished cbservations). The lack of
intaraction is not surprising because the SH2 domains in
GAP and PLC-y recognize tyrosyl-phosphorylated se-
guence motifs not found in IRS-1 (39,57 ,82). Thus, IR3-1
differentiates insulin signaling from signaling by other
growth factor receptors by binding and regulating a
different subset of SH2 domain-containing proteins.

As more SH2 domain-containing proteins are discov-
ered and examined, it is likely that more signaling male-
cules that associate with IRS-1 will be found (Fig. 3).
Each IRS-1-associated protein may represent the begin-
ning of a unigue cellular signaling pathway that mediates
a different subset of cellular insulin actions. Whereas
IRS-1 has been linked to the cellular proliferative re-
sponse (43), it is likely that IRS-1 also will play a major
role in insulin-mediated metabolic signaling and glucose
tranzport. The metabolic effects of insulin in various
tissues may be determined aither by unigue downstream
factors in each cell type, or by a unigue pattern of IRS-1
phosphorylation. Tissue-specific sering/threonine phos-
phorylation also may affect the interaction of IRS-1 with
downstream elements. IR5-1 also may possess other
functions in addition to those attributable to a docking
protein. For instance, IRS-1 could possess an intrinsic
enzymatic activity as it has a conserved nucleotide
binding motif, Further study of IRS-1 should continue to
reveal new aspects of the mechanism of insulin signal
transmission.
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