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In humans and most other vertebrates, the primary hormone
involved in control of blood glucose is insulin. Insulin acts on
cells to stimulate glucose, protein, and lipid metabolism, as
well as RNA and DNA synthesis, by modifying the activity of
a variety of enzymes and transport processes. The importance
of understanding insulin action is not limited to simply satisfy-
ing the intellectual needs of the curious biochemist or cell
biologist. Elucidating the molecular pathways of insulin action
forms an important cornerstone upon which to unravel the
pathogenesis of non-insulin-dependent (type II) diabetes mel-
litus and a major component of other insulin-resistant states
including obesity, uremia, glucocorticoid, and growth hor-
mone excess, as well as a variety of rarer genetic disorders such
as leprechaunism, the type A syndrome of insulin resistance,
and lipoatrophic diabetes.

The actions of insulin at the cellular level are initiated by
insulin binding to its plasma membrane receptor (1-4). This
receptor is present on virtually all mammalian tissues, al-
though the concentration varies from as few as 40 receptors on
circulating erythrocytes to more than 200,000 receptors on
adipocytes and hepatocytes. Like the surface membrane re-
ceptors for other hormones and growth factors, the insulin
receptor serves at least two functions. The first is to recognize
the hormone among all other substances in the blood. This is
accomplished by binding the hormone with high affinity and a
high degree of specificity. The second function is to produce a
transmembrane signal that alters intracellular metabolism and
mediates the action of the hormone. Recognition of the insulin
molecule by its receptor is a complex molecular event and is
closely linked to signal transmission. The binding domain of
the insulin molecule is composed of distant portions of the A
and B chains, which come together on one surface as a result of
three-dimensional folding to form the receptor binding region
(5). Among over 200 analogues of insulin studied, there is an
almost perfect correlation between receptor-binding affinity
and biological effect (1, 5, 6). No competitive antagonists of
insulin action at the receptor level have, as of yet, been uncov-
ered, suggesting that the structural requirements for binding
include all the features necessary for biological action. Interest-
ingly, the binding properties of the insulin receptor are better
conserved in evolution than are the properties of the insulin
molecule itself (7).
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The insulin receptor is a heterotetrameric glycoprotein
consisting of two a-subunits of M, = 135,000 and two S-sub-
units of M; = 95,000 linked by disulfide bonds to give a
B-a-a-B structure (8, 9) (Fig. 1). The a-subunit appears to be
entirely extracellular and contains the insulin binding site.
This binding site can be affinity labeled using labeled insulin
and bifunctional cross-linking agents (8, 9) or photoaffinity
insulin analogues (10, 11). Although there are two a-subunits
per receptor, there is still debate as to whether the holoreceptor
contains one or two insulin binding sites in its native form (12,
13). The 8-subunits are transmembrane proteins and are there-
fore the subunits involved in intracellular signaling (11).

Like the A and B chains of insulin, both the a- and 8-sub-
units of the insulin receptor are derived from a single-chain
precursor or proreceptor (14). During in vitro translation of
receptor mRNA (15) or when cells are biosynthetically labeled
in the presence of inhibitors of glycosylation (16), this prore-
ceptor can be identified and has a molecular weight of
~ 160,000. In the normal intact cell, the proreceptor is rapidly
glycosylated to give species of 180-210 kD, which are then
disulfide linked, cleaved, and further glycosylated to give the
tetrameric receptor (14, 16, 17). In the cells thus far studied,
the half-life of the native receptor is 8-12 h (14, 17).

The cDNA for the insulin proreceptor has been cloned
from both humans (18, 19) and Drosophila (20), and both are
very similar. The coding portion of the human cDNA is a little
over 4 kb long and predicts a receptor consisting of 1,346
amino acids.! The 5-end of the cDNA begins with a signal
sequence. This is followed by the coding sequence for the a-
subunit (beginning with its NH,-terminus) which, in turn, is
followed by the sequence of the 8-subunit. The predicted a-
subunit sequence includes several sites for N-linked glycosyla-
tion, a cysteine-rich domain believed to be involved in insulin
binding, but has no apparent transmembrane domain. The
B-subunit, on the other hand, has an extracellular segment also
containing sites for N-linked (and possibly O-linked) glycosyl-
ation (21), a single transmembrane segment of 23 amino acids,
and an intracellular site that is homologous to a number of
protein kinases (see below). In the proreceptor, the « and 38

1. The two original reports of the human receptor cDNA (18, 19)
revealed coding sequences that differed in length by 36 bases. These
occurred in a single frame near the COOH-terminal sequence of the
a-subunit. The Ullrich sequence (18) thus predicts a proreceptor of
1,346 amino acids, whereas the Ebina sequence (19) predicts 1,358
amino acids. This may be the result of alternate splicing of the mRNA.
In this Perspective, we have numbered the amino acid positions in
accordance with the Ullrich sequence, beginning with 1 at the NH,-
terminus of the a-subunit and continuing sequentially through to the
COOH-terminus of the 8-subunit. To determine the analogous posi-
tion in the Ebina sequence, simply add 12.
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MODELS OF INSULIN ACTION
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subunit domains are separated by four basic residues that rep-
resent the site for cleavage to the individual subunits.

In human cells, there appears to be a single insulin receptor
gene per haploid genome that is on the short-arm of chromo-
some 19 (22). Genomic Southern analysis and cloning of por-
tions of the 5' and 3' regions of the receptor gene indicate that it
is at least 150 kb in size and contains a minimum 17 exons.? In
all cells studied, there are multiple species of mRNA (18, 19,
23, 24). In human lymphocytes, at least four of these (5.7, 7.1,
7.9, and 9.5 kb) are larger than the coding sequence. These
multiple species appear to result primarily from differences in
the length of the 3-untranslated region (Goldstein, B. J., and
C. R. Kahn, unpublished data).’ Whether these affect mRNA
stability has not yet been determined. The S-untranslated re-
gion, like that of so-called house-keeping genes, is GC rich and
does not have a TATA or CAAT box (25).? There are several
closely spaced initiation start sites in this region. The half-life
of the receptor mRNA is human lymphocytes and rat hepa-
toma cells is ~ 70-150 min (23, 24).

A major breakthrough in understanding transmembrane
signaling by the receptor came in 1982 with the finding that
the S-subunit of the receptor was an insulin-stimulated protein
kinase capable of phosphorylating itself and other substrates
on tyrosine residues (26). This was further validated by the
¢DNA cloning, which indicated that the intracellular domain
of the B-subunit of the insulin receptor is highly homologous
with several other tyrosine protein kinases including the re-
ceptors for epidermal growth factor, platelet-derived growth
factor, insulin-like growth factor, and colony-stimulating fac-
tor, and a number of oncogene products (18, 19, 27). The
tyrosine protein kinase activity of the insulin receptor and its
role in insulin action has been extensively explored in many
laboratories. The properties of this kinase can be summarized
as follows:

2. Muller-Wieland, D., K. M. Kriauciunas, S. S. K. Reddy, R. A. Taub,
and C. R. Kahn, 1988. Diabetes. In press.
3. Taub, R., personal communication.
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(a) The insulin receptor is an insulin-regulated tyrosine ki-
nase and behaves as a classical allosteric enzyme. Insulin
binds to the a-subunit and stimulates tyrosine phosphoryla-
tion of the S-subunit of the insulin receptor. This property has
been observed in intact cells, solubilized receptor preparations,
immunoprecipitated receptors, and the receptor purified to
homogeneity (26-30). The solubilized and purified receptor
will also phosphorylate other proteins on tyrosine residues in-
cluding histone 2B, several glycolytic enzymes, cytoskeletal
proteins, and a number of natural and synthetic tyrosine-con-
taining peptides (31-33). In each case, ATP acts as the phos-
phate donor, and phosphorylation occurs exclusively on tyro-
sine residues. Insulin stimulates the kinase by increasing the
catalytic velocity (Vme) rather than by changing substrate af-
finity (34). The exact mechanism of the insulin stimulation is
unknown, but appears to involve a release of an inhibitory
effect exerted by the a-subunit on S-subunit function. Thus,
removal of the insulin binding domain of the a-subunit by
either mild tryptic treatment (35) or in vitro mutagenesis (36)
produces an activation of the kinase mimicking the insulin
effect.

(b) Receptor kinase activity is regulated by multi-site phos-
phorylation. Autophosphorylation of the insulin receptor
occurs through a cascade of intramolecular phosphorylation.
As a result, at least five tyrosines in the intracellular portion of
the B-subunit are phosphorylated. Three of these tyrosines
occur in a cluster at residues 1146, 1150, and 1151 on the
B-subunit (37, 38). When all three of these tyrosines are phos-
phorylated, the kinase is further activated toward exogenous
substrates (37). This may be important for signal transduction,
since kinase activity remains enhanced as long as dephosphor-
ylation does not occur, even if insulin is allowed to dissociate
from the receptor (39, 40). Changing tyrosines 1150 and 1151
to phenylalanines by in vitro mutagenesis results in a receptor
that is not fully activated as a kinase and is inefficient in signal
transduction (41). There are also two tyrosine phosphorylation
sites in the COOH-terminus of the receptor, but these do not
appear to be important in the activation process (42).



In intact cells, the receptor also undergoes serine and threo-
nine phosphorylation (28). This can be stimulated by both
phorbol esters and cCAMP analogues and is presumably the
result of phosphorylation by protein kinase C (43-46). In con-
trast to tyrosine phosphorylation, which activates the kinase,
serine phosphorylation inactivates the kinase (46, 47). This
exquisite regulation of insulin receptor kinase activity by mul-
tisite phosphorylation provides an important mechanism for
regulation of insulin signaling in physiologic and pathologic
states (see below).

(c) The tyrosine kinase activity of the insulin receptor is
essential for insulin action. Direct evidence that the tyrosine
kinase activity of the insulin receptor is required for insulin
action has come from several directions. The most convincing
evidence is derived from in vitro mutagenesis experiments in
which a lysine residue at position 1018 has been changed to
one of several other amino acids. Based on analogy to other
kinases, this residue is in the ATP binding site of kinase (18,
19, 27). When such mutants are expressed in cells, they bind
insulin normally, but are totally inactive as kinases and are
totally ineffective in mediating insulin stimulation of cellular
metabolism (48, 49). This is true for all effects of insulin, in-
cluding both the acute metabolic and more chronic growth-
promoting effects of the hormone. As noted above, mutagen-
esis of one of the major autophosphorylation sites produces
similar but less dramatic effects (41).

An important role for receptor kinase activity is also illus-
trated by the effects of antibodies to either intracellular do-
mains of the receptor or to phosphotyrosine itself. When intro-
duced into cells, these antibodies inhibit receptor kinase acti-
vation and inhibit insulin stimulated effects (50, 51).
Alterations of receptor kinase in insulin resistant states is also
consistent with this notion (see below).

Exactly how the receptor kinase ultimately transmits its
signal is still uncertain. Most investigation has focused on a
model involving a phosphorylation cascade, i.e., insulin in-
duces receptor autophosphorylation, which activates the re-
ceptor kinase, which in turn phosphorylates one or more cel-
lular substrates (Fig. 1, Model 1). These substrates could be
enzymes (serine kinases or phosphoprotein phosphatases) or
enzyme inhibitors whose activity is changed by this phorphor-
ylation, leading to a cascade of secondary phosphorylation and
dephosphorylation reactions. This phosphorylation cascade
model is supported by the fact that insulin treatment results in
serine phosphorylation and dephosphorylation of several cel-
lular enzymes (3, 4, 52-57). Some of these dephosphorylations
are known to be important in enzyme regulation, particularly
for glycogen synthase (53), hormone-sensitive lipase (54), and
pyruvate dehydrogenase (55). The serine phosphorylations
stimulated by insulin include phosphorylation of ATP citrate
lyase (56), acetyl CoA carboxylase (57), S6 kinase (58), and the
insulin receptor itself (28). Most of these are of uncertain
functional significance, although serine phosphorylation of
acetyl CoA carboxylase increases its activity (57).

Several endogenous substrates for the insulin receptor have
been uncovered. The first detected in intact cells, and perhaps
best studied, is a protein of ~ 185 kD, termed pp185 (59).
pp185 or similar high-molecular weight proteins have been
observed in all cell types studied (60, 61), and their phosphory-
lation appears to be stimulated by insulin or insulin-like
growth factor I, but not by other receptor tyrosine kinases. In
cells transfected with the human insulin receptor cDNA, there

is a marked enhancement of pp185 phosphorylation coinci-
dent with an enhancement of insulin action (62). Recent addi-
tional evidence of a role for pp185 phosphorylation in insulin
action has come from an unexpected finding after in vitro
mutagenesis of the insulin receptor at or around tyrosine 960.
These mutant receptor molecules bind insulin normally and
are fully active as kinases in vitro. This is not surprising, since
Tyr-960 is neither a site of autophosphorylation nor in the
active kinase domain. However, when transfected into cells,
these mutant receptors do not phosphorylate pp185 and are
not competent for transmission of insulin action (62). Several
lower molecular weight endogenous substrates have also been
identified (63-65). Attempts to purify and specifically identify
each of these are currently ongoing in several laboratories.

Not all of insulin’s actions on cells, however, can be related
to changes in phosphorylation or to a phosphorylation cas-
cade. For example, there is no evidence that insulin stimulates
phosphorylation or dephosphorylation of the glucose transpor-
ter or any proteins at the glucose transport pathway (62). Fur-
thermore, some monoclonal antibodies to the insulin receptor
appear to be able to stimulate glucose transport without acti-
vating the receptor kinase (66). These observations have led to
a second model of action, in which receptor autophosphoryla-
tion is viewed as changing the conformation of the receptor
B-subunit, allowing it to interact noncovalently with some
other effector system (Fig. 1, Model 2). Evidence for a confor-
mational change after autophosphorylation has come from
studies using antibodies to specific domains of the S-subunit,
some of which will bind to the receptor only after it undergoes
phosphorylation (67) (Perlman, R., M. F. White, and C. R.
Kahn, unpublished data).

Secondary effector systems might include phosphatidylino-
sitol kinases or phospholipases. Phosphatidylinositol kinase
activity has been observed in immunoprecipitates of the insu-
lin receptor kinase (68, 69) and in association with other tyro-
sine kinase (70-72). Insulin action on cells also appears to
activate one or more phospholipases, including a specific
phospholipase C that may generate an inositol glycan com-
pound capable of mimicking several of insulin’s actions on
cells (73-75). These effector systems may be linked indirectly,
i.e., via a G protein or a ras-related protein, rather than directly
to the receptor. Pertussis toxin treatment, which inhibits the
guanyl nucleotide binding protein G;, inhibits some of insu-
lin’s actions (76, 77), and insulin treatment of membranes
inhibits pertussis toxin catalyzed ADP ribosylation (78). In
vitro, the insulin receptor will phosphorylate G proteins and
related molecules such as transducin (31); however, this does
not appear to occur in intact cells. Antibodies to ras-related
proteins also inhibit insulin actions when introduced into
some cell types (79).

Since the insulin receptor lies at the pivotal point in signal
transmission between the circulating hormone and the intra-
cellular milieu, it is obvious that alterations in receptor ex-
pression or function can play important roles in both physio-
logic and pathologic states. This concept has led to extensive
characterization of the receptor in a wide variety of disease
states. Evidence for genetic alterations in the insulin receptor
have been presented in patients with several relatively rare
forms of insulin resistance, including the type A syndrome of
insulin resistance (80-82), leprechaunism (81, 83), and lipo-
atrophic diabetes (84). Several patients with these syndromes
have low numbers of receptors, and in some this can be ac-
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counted for by a decrease in receptor mRNA (84, 85). Very
recent studies in three of these patients have revealed point
mutations in the receptor mRNA leading to altered receptor
sequences. One patient has mutations in both alleles coding for
the region of the a-subunit. One mutation leads to a substitu-
tion of lysine at position 460 by glutamic acid; the other leads
to a premature stop codon (86). A second patient has a muta-
tion at the -8 processing site leading to altered cleavage of the
proreceptor (87). In this patient, the proreceptor is expressed at
the cell surface but has reduced binding affinity and decreased
signal capacity. The third patient has a mutation at residue
1188 in the kinase domain of the S-subunit leading to a sub-
stitution of serine for tryptophan (88, 89). This also leads to
reduced kinase activity of the receptor.

In more common insulin-resistant diabetic states, like type
II diabetes, there is also altered receptor number or function,
but these appear to be regulatory in nature. In most hyperin-
sulinemic states, receptor concentrations are decreased due to
down-regulation of receptors (90). In obese animals, this is
associated with an increase, rather than decrease, of receptor
mRNA (91). Interestingly, altered receptor kinase activity is
also present in both type I and II diabetes. In type II diabetes,
there is a decrease in insulin-stimulated receptor autophos-
phorylation and kinase activity that is above and beyond the
decrease that can be accounted for by reduced receptor num-
ber (92-96). In insulin-deficient type I diabetes, at least in
rodent models, there is a decrease in kinase activity despite
increased receptor number (97-99). The alterations in both
type I and II diabetes appear to be regulatory, since they are
improved by treatment of the disease. Furthermore, identical
twins discordant for diabetes are also discordant for the kinase
defect. Whether these regulatory defects reflect alterations in
receptor serine phosphorylation is unknown. Clearly, how-
ever, this is a site for potential future therapeutic manipulation
in diabetes, since altering receptor signal transduction could
enhance the sensitivity to insulin in type II diabetes, and may
even substitute for insulin-induced signaling in type I diabetes.
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