Role of the Time Factor in Signaling Specificity:
Application to Mitogenic and Metabolic Signaling by the Insulin
and Insulin-Like Growth Factor-1 Receptor Tyrosine Kinases
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The signal transduction pathways activated by hormones, growth factors, and cytokines show an extraordinary degree of
cross-talk and redundancy. This review addresses the question of how the specificity conferred at the binding step is
maintained through the signaling network despite the convergence of multiple signals on common efferent pathways such as
mitogen-activated protein (MAP) kinase. The mechanism of receptor activation by ligand-induced dimerization provides a
signaling device with both a switch and a timer. The role of the time factor, ie, of signaling kinetics, as a determinant of
selectivity is discussed with emphasis on the receptor tyrosine kinases and cytokine receptors, and especially mitogenic versus
metabolic signaling by insulin and insulin-like growth factor-1 (IGF-I).
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ORMONES and growth factors exert their intracellu-
lar effects through the activation of a complex array
of signaling pathways that are closely interconnected (see
review by Seedorf in this issue). Although the starting point
in the signaling cascades, the cell membrane-bound recep-
tor, is highly specific for a given ligand (and sometimes a
small number of closely related molecules), this apparent
molecular selectivity is rapidly lost in the next steps of the
signaling network given the convergence of multiple recep-
tor-initiated signals on common pathways such as the
ras/raf MAPK/ERK kinase (MEK)/mitogen-activated pro-
tein (MAP) kinase cascade or the phosphatidylinositol-3
kinase (for review, see De Meyts et al,! and Seedorf, this
issue). Moreover, cross-talk between the pathways trig-
gered by cytokine receptors, receptor tyrosine kinases, and
seven-transmembrane—domain receptors further compli-
cates the understanding of how a specific starting signal
travels through the network to generate a specific end-point
pattern of cellular responses. Although a number of ele-
ments are involved in the selectivity of signals (see below),
this brief review will focus on the importance of the kinetic
aspects (eg, transient v sustained) of the activation of
signaling molecules, including the receptors themselves, in
deciding which of multiple possible bifurcating pathways
will actually be followed.

CELLULAR PROTEIN KINASES

The activity of a large number of cellular proteins is
regulated through their reversible phosphorylation by en-
zymes called protein kinases,? which transfer the third (g)
phosphate of the cellular energy carrier adenosine triphos-
phate to an amino acid side-chain containing a hydroxyl
(OH) group. Most protein kinases, of which there may be
more than 1,000, phosphorylate proteins on serine or
threonine. In contrast, the enzymes encoded by oncogenes
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such as the prototypical src,* as well as a number of growth
factor receptors, instead phosphorylate tyrosines. Although
tyrosine phosphorylation may represent less than 0.1% of
total cellular phosphorylation events, it plays a crucial role
in the control of normal cell growth (both early and late
mitogenic events) and cell transformation, as well as in a
number of metabolic signaling pathways.

The reverse reaction, protein dephosphorylation, is
equally important in cell regulation, and involves a vast
array of phosphoprotein phosphatases with either serine/
threonine or tyrosine specificity that will not be discussed
here (for review, see Hunter,” Cohen, and Tonks et al’).

Members of the protein tyrosine kinase family show
considerable structural diversity: the conserved catalytic
domain is combined with a wide variety of extracatalytic,
regulatory domains (some of which are receptor-binding
domains for extracellular ligands).® There are indeed two
groups of protein tyrosine kinases: the nonreceptor, cyto-
solic tyrosine kinases, and the transmembrane, receptor
tyrosine kinases.’

Several families of cytosolic kinases have been identified
and many members molecularly cloned that are not recep-
tors, such as the src, fes, abl, and JAK families.? Some
modules of s7c molecular anatomy, the so-called src homol-
ogy (SH) domains SH2 and SH3, are found in other
unrelated signaling molecules, where they play an impor-
tant role in their binding to motifs containing phosphory-
lated tyrosines (SH2) or proline-rich motifs (SH3) on
activated protein tyrosine kinases or intermediary docking
molecules. Many of the cytosolic tyrosine kinases are
activated by growth factors and other cellular activators.!0
Upon activation, some of these kinases are recruited to the
plasma membrane and associate with a non—tyrosine kinase
receptor to become part of its signaling complex, eg, JAK2
with the growth hormone receptor.!!

OVERVIEW OF THE SUPERFAMILY OF RECEPTOR PROTEIN
TYROSINE KINASES

The members of this family receive environmental infor-
mation from regulatory domains expressed on the cell
surface.’ These receptors are allosteric molecules in which
high-affinity ligand binding outside the cell induces confor-
mational changes that activate the intracellular kinase
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domain. The first substrate of the activated kinase is often
the receptor intracellular kinase domain itself, which auto-
phosphorylates at well-defined tyrosine residues. This phos-
phorylation results in the creation of phosphotyrosine-con-
taining sequence motifs that are recognition sites for other
signaling molecules containing the previously described
SH2 domains. An exception is the insulin/insulin-like
growth factor-1 (IGF-I) receptor family, in which no such
motifs appear to be created, but in which the autophosphory-
lation enhances catalytic activity of the kinase (although
some controversial evidence suggests that phosphatidylino-
sitol-3 kinase may bind directly to the insulin receptor).
Such signaling molecules group themselves around the
activated receptor, become tyrosine-phosphorylated by the
receptor kinase or otherwise allosterically activated, or
interact with one another in specific ways within what is
now known as the signal transfer particle’® (and Seedorf,
this issue). Information diffuses from this signal transfer
particle along specific signaling pathways within the cyto-
plasm, eg, through cascades of phosphorylations, with end
points as diverse as the activation of specific enzymes, the
activation of nuclear transcription factors that turn on
specific genes, or the translocation to the cell membrane of
vesicles containing specific carriers such as glucose transport-
ers. (We will not review here in detail the intracellular
signaling network; for review, see De Meyts et al,! and
Seedorft, this issue).

Receptor tyrosine kinases contain three major structural
domains. The extracellular domain binds the ligand. This is
the part of the receptor that confers the most diversity to
this family. More than 50 members of the family have so far
been cloned, which can be grouped in a number of different
subclasses according to molecular architecture of the extra-
cellular domain (Fig 1 of Seedorf, this issue). As pointed
out by Wilks 8 it appears that catalytic activity of the protein
tyrosine kinase domain, having been selected as an evolu-
tionary successful theme in the earliest phase of metazoan
evolution, has been elaborated on by random variation and
by recombination with other evolutionarily successful ele-
ments, an extraordinary diversity that testifies to the en-
zyme’s metabolic utility and the evolutionary processes that
have produced it.

A single hydrophobic membrane-spanning domain con-
sisting of 22 to 26 amino acids and predicted to be « helical
shows no primary structure conservation even between
closely related members of the receptor tyrosine kinase
family.!* The transmembrane domain probably plays only a
passive role in signal transduction.!

The tyrosine kinase domain is the most highly conserved
portion of all receptor tyrosine kinases (and is also homolo-
gous to other kinases). A consensus sequence, Gly X Gly
XX Gly X (15 to 20 amino acids) Lys, is part of the
adenosine triphosphate binding site. Mutation of the con-
served Lys at this site abolishes kinase activity of several
receptor tyrosine kinases,' as well as their signal transduc-
tion ability.l> A number of variable tyrosine residues have
been identified as autophosphorylation sites in varjous
receptor kinases. Their site-directed mutagenesis to eg,
Phe, has been generally shown to abolish some or all of the

receptor’s signal transduction ability.’® The current consen-
sus is that all receptor tyrosine kinase signaling activities
depend on a functional tyrosine kinase, and that these
processes are mediated by tyrosine phosphorylation of
cellular substrates.!3

The x-ray crystal structure of the insulin receptor tyrosine
kinase domain has recently been solved at 2.1 A resolu-
tion.!6 The structure has provided interesting clues regard-
ing the determinants of substrate preference for tyrosine
rather than serine or threonine, and has revealed a novel
autoinhibition mechanism whereby the autophosphory-
lated Tyr 1162 is bound in the active site.

In addition to the above-mentioned three main domains,
a number of other domains have been shown to have a
potential regulatory role on kinase function. A juxta-
membrane domain of 41 to 50 amino acids lies between the
cytoplasmic surface of the plasma membrane and the
tyrosine kinase domain; its structure has diverged between
the receptor tyrosine kinase subclasses, but is remarkably
conserved between members of a given subclass.!* It may be
involved in the modulation of receptor function by heterolo-
gous stimuli (receptor cross-talk), in substrate binding (as
in the case of insulin receptor insulin substrate-1 [IRS-1]17),
and in receptor endocytosis (as with the insulin receptor’s).

The kinase domain of some subclasses of receptor
tyrosine kinases is divided in two halves by insertion of up to
100 mainly hydrophilic amino acid residues.!* This kinase
insert appears to play a role in the interaction of the
receptor with some cellular substrates and effector pro-
teins.

Among the receptor tyrosine kinases, the distal, hydro-
philic, carboxy-terminal tail of the intracellular domain is
the most heterogeneous in both length (70 to 200 amino
acids) and sequence. This heterogeneity is seen even
between the closely related insulin and IGF-I receptors.!*
The C-terminal tail had been thought to interact with and
perhaps exert a negative control on the activity of the
tyrosine kinase domain by folding over it. It contains a
number of potential or demonstrated tyrosine autophos-
phorylation sites that may compete with cellular substrates
for the tyrosine kinase active site. Thus, autophosphoryla-
tion of these sites would make them unable to compete and
would therefore suppress inhibition of the receptor ki-
nase.’® However, the recent x-ray structure has shown, as
mentioned earlier, that it is Tyr 1162 that plays this role
rather than the C-terminal tail. There are still discussions as
to whether the differing C-terminal tails of insulin and
IGF-I receptors may confer specific signaling properties.

ACTIVATION OF RECEPTOR TYROSINE KINASES AND
CYTOKINE RECEPTORS BY LIGAND-INDUCED RECEPTOR
DIMERIZATION

Allosteric activation of receptor tyrosine kinases (as well
as cytokine receptors) is mediated by ligand-induced oligo-
merization, which allows the interactions between adjacent
cytoplasmic domains that activate the kinase to take
place,’3181% eg by putting autophosphorylation sites of one
receptor moiety in contact with the active site of the kinase
domain of the other moiety (transphosphorylation).!¢ Li-



gand binding may dimerize the receptors in several differ-
ent ways (for review, see De Meyts et all).

1. A monomeric ligand may induce a conformational
change that enhances the affinity of one receptor molecule
for a second receptor molecule.

2. A dimeric ligand pulls together two receptor molecules.

3. The receptor is constitutively a covalent, disulfide-
linked dimer within which the binding of a monomeric
ligand induces site-site interactions. This appears to be the
case for the insulin/IGF-I receptor subgroup’? (see below).

4. The receptor is made of two asymmetric parts, both
with low ligand-binding affinity. One part is a ligand-bind-
ing tyrosine kinase, and the other a ligand-binding domain
with no tyrosine kinase domain. Eg, nerve growth factor
(NGF), a dimer, binds to each receptor (trk) component
with low affinity, but brings together a heterodimer with
high affinity.

5. In some cases, such as the c-kit-encoded stem-cell
factor receptor, dimer formation appears to be indepen-
dent of the bivalency of the ligand and involves stabilization
of the dimeric form of the receptor after monovalent
binding through an intrinsic dimerization site on the recep-
tor distinct from the ligand-binding pocket.”!

A variation on the dimerization theme is found in the
cytokine receptor family (eg, the growth hormone recep-
tor), in which a monomeric but bivalent ligand brings
together two or three components that do not contain a
cytoplasmic tyrosine kinase, resulting in recruitment of a
cytoplasmic kinase such as JAK2.7224

THE INSULIN/IGF-1 RECEPTOR TYROSINE KINASE
SUBFAMILY

Insulin belongs to a family of related peptides that
includes IGF-I and -II, the relaxins, the invertebrate
bombyxins, and the molluscan insulin-like peptides.?

Three structurally related receptors for members of this
peptide family have been identified: the insulin receptor,
the type I IGF receptor (which for simplicity I will call the
IGF-T receptor), and an orphan receptor known as the
insulin receptor-related receptor. These glycoprotein recep-
tors form a subgroup of the protein tyrosine kinase family
with distinct features, most notably their covalent oyf,
dimeric structure. Several detailed reviews have been
published on their structure and function.1,152026:34

The insulin receptor binds insulin with high affinity, but
also IGF-II (with a 10-fold lower affinity) and IGF-I (with a
50- to 100-fold lower affinity).3> The conventional view is
that the insulin receptor is primarily involved in metabolic
signaling but may also play a role in mitogenic signaling in
some cell types in culture, as well as in some phase(s) of
fetal development. Cross-reactivity of IGF-I and -1I with
the insulin receptor explains in part their insulin-like
metabolic effects at high concentrations.

The IGF-I receptor binds IGF-I with high affinity and
IGF-II with a similar or slightly lower affinity depending on
cell type; it binds insulin with a 500- to 1,000-fold lower
affinity, explaining in part the action of insulin as a growth
factor in cell culture at high concentrations. The IGF-I
receptor is thought of as primarily involved in mitogenic
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signaling and cell differentiation and in inhibition of apop-
tosis.3

Besides the IGF-I receptor, IGF-II binds in mammals
but not in other species to the mannose-6-phosphate
receptor, also called for that reason the IGF-II receptor,
although it is not clear that this receptor plays any role in
IGF-II signaling.?

IGF-I and IGF-II also bind to a family of six structurally
related circulating binding proteins (unrelated to the recep-
tors) that modulate the IGF’s endocrine, paracrine, and
autocrine functions® and limit the in vivo hypoglycemic
effects of the IGFs (see review by Baxter, this issue).

The cDNAs encoding the insulin and IGF-I receptor
precursors have been cloned,*# giving valuable clues
about the receptor structure and organization and generally
confirming structural concepts previously derived from
biochemical approaches.*? The receptors are synthesized as
a single-chain precursor, which is split at a tetrabasic
sequence into separate a- and B-subunits. The extracellular
a-subunit contains the ligand-binding domain. The B-sub-
unit contains a single transmembrane domain, so that a
third is extraceliular and two thirds (containing the tyrosine
kinase domain) are intracellular. The receptor is organized
as a functional dimer with an a,f, structure, with a small
number of a-a and o-B disulfide bridges. Various sub-
domains are recognizable within the sequence of the
receptors, which have been probed by mutational analysis,
often with conflicting results.'>

MAPPING OF LIGAND-BINDING DOMAINS
IN THE «-SUBUNIT

The a-subunit contains a single cysteine-rich domain
flanked by two regions, termed L1 and L2, that have a weak
degree of internal redundancy*’ and have been predicted to
form a pseudosymmetrical dimer within each a-subunit.
Two fibronectin type III repeats are also present in the
insulin receptor.’

Several groups, including ours, have used mutational
approaches (including the construction of chimeric con-
structs) in an attempt to map the ligand-binding site(s) on
the a-subunit of the insulin and IGF-I receptors.’® More
than one segment appears to be involved. For insulin
binding to its receptor, an N-terminal region located within
the first 68 N-terminal amino acids (encoded by exon 2)
appears to be important for insulin specificity, whereas in
the IGF-I receptor a sequence encoded by exon 3 (residues
191 to 290) contained in the cysteine-rich domain defines
IGF-I specificity.* We have suggested the involvement of
the receptor region 83 to 103 in insulin binding, especially
Phe 89, based on a possible analogy between the insulin-
receptor interface and the insulin-dimer interface.*” By the
use of alanine-scanning mutagenesis, Williams et al*® have
identified residues Asp 12, Ile 13, Arg 14, Asn 15, Gln 34,
Leu 36, Met 38, Phe 39, Glu 44, Phe 64, Tyr 67, Phe 89, Asn
90, and Tyr 91 as contributing to insulin binding. Photo-
affinity cross-linking experiments have suggested that the
first 120 residues of the a-subunit are important for insulin
binding.*

Other data suggest that a second domain in the carboxy-
terminal region of the a-subunit is also involved in insulin
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binding, perhaps the one encoded by exons 6 and 7 and
recognized by the patient’s autoimmune antibodies.® A
mutation at position 460 in this domain found in a lepre-
chaun patient had a complex influence on insulin binding.>!
Schumacher et al>? have shown that insertion of residues
325 to 524 of the insulin receptor in the IGF-I receptor
markedly enhances insulin affinity for the IGF-I receptor.
We have shown that inserting the exon 6-encoded domain
of the IGF-I receptor (residues 368 to 469) in the insulin
receptor enhances affinity of IGF-I for the insulin receptor
(in preparation), whereas insertion of the insulin receptor
sequence encoded by exons 6, 7, and part of 8 into the
IGF-I receptor changes the shape of the dose-response
curve for negative cooperativity of IGF-1.53 These data
suggest that the region including and surrounding exon 6
may also contribute specific interactions to both insulin and
IGF-I binding to their receptors. A more refined scanning
of this region of both receptors is warranted.

Furthermore, it has been shown recently that a novel
photoreactive insulin derivative (despentapeptide- (B26-B30)
[B25 p-azidophenylalanine-a-carboxamide]) cross-links to
a carboxy-terminal region of the a-subunit (residues 704 to
718) just upstream of the region encoding for the alterna-
tively spliced exon 11, suggesting that aromatic residues in
this region may also be involved in binding or in conforma-
tional changes required for the formation of the high-
affinity binding state.>*

Altogether, the mutational data suggest that the area
responsible for ligand binding consists of at least two or
three separate domains in the insulin and IGF-I receptors,
and that the sequences of actual side-chain contact with the
ligand are located at different positions within a common
pocket in the two receptors.#4-40

SITE-SITE INTERACTIONS AND NEGATIVE COOPERATIVITY
IN THE INSULIN AND IGF-1 RECEPTORS

As mentioned earlier, receptor tyrosine kinases, as well
as cytokine receptors, become activated enzymes by dimer-
ization.

The mechanistic advantages of the dimer structure are
several. It allows lateral transmission of binding energy
from outside the cell to inside the cell.> Tt provides a
structural framework for making one cytoplasmic domain a
substrate for transphosphorylation by the other.16 It also
permits regulation of ligand-binding affinity by receptor
occupancy through site-site interactions, or cooperativity.

Insulin binding to its receptor indeed exhibits negative
cooperativity, ie, the binding of one insulin molecule
decreases the affinity of further binding.2%57-% The insulin
and IGF-I receptor dimers bind only one ligand molecule
with high affinity and a second ligand molecule with lower
affinity, generating curvilinear Scatchard plots (Fig 1A and
C). The binding of one ligand molecule markedly acceler-
ates the dissociation rate of the second ligand molecule (Fig
1B and D). The classic interpretation of such a phenom-
enon is that ligand binding to one receptor subunit induces
a conformational change in the second subunit that reduces
its affinity for the ligand. New data from our laboratory
suggest that the actual mechanism is in fact analogous to

the monomeric-bivalent binding mechanism found in the
cytokine receptor family to induce receptor dimerization.?
Like growth hormone, insulin and IGF-I molecules appear
to have two binding domains on two opposite faces of the
monomer.22336! These two binding surfaces probably cross-
link the two a-subunits in the preexisting receptor dimer
(Fig 2), thereby creating high-aflinity binding.2%5! Since, as
discussed earlier, each receptor a-subunit has two binding
domains (in contrast to the growth hormone receptor,
which has only one), this allows a second cross-linking to
take place when a second ligand molecule binds, resulting
in release of the first ligand molecule (Fig 2), thereby
causing accelerated dissociation.

Scatchard plots of IGF-I binding have been variably
reported as either linear or curvilinear. On cells expressing
the native receptor, the presence of hybrid receptors made
of one half insulin receptor and one half IGF-I receptor
confuses the picture.’>%2 We have recently shown that in a
variety of cells overexpressing an IGF-I receptor cDNA, as
well as in cells containing the native IGF-I receptor but few
insulin receptors (human arterial smooth muscle cells),
IGF-I binding exhibits a negative cooperativity similar to
that of the insulin receptor: curvilinear Scatchard plots
well-fitted, assuming a 1:2 stoichiometry, and ligand-
accelerated tracer dissociation’ (Fig 1C and D), as also
shown by Zhong et al.? Like the insulin receptor, the IGF-I
receptor B, dimer has been reported to bind a single
IGF-I molecule with high affinity, whereas each dissociated
off half binds an IGF-I molecule with low affinity,® al-
though one dissenting report claims that ¢ff IGF-I receptor
halves conserve high affinity.” These data suggest that the
overall mechanism of IGF-I binding is analogous to insu-
lin’s and follows a similar cross-linking pattern.”® The low
affinity of insulin and IGF-I for their noncognate receptor
may be due to the fact that they recognize only one of the
two receptor subsites and are unable to cross-link.

Interestingly, unlike insulin,’” the dose-response curve
for the negative cooperativity of IGF-I was not bell-shaped
(Fig 3), a property that IGF-I shares with insulin analogs
modified at the hexamer surface.”® These analogs, like
IGF-I, have enhanced mitogenic properties relative to their
metabolic potency.?

ROLE OF NEGATIVE COOPERATIVITY AS A MODULATOR
OF SUSTAINED SIGNALING

In systems in which the receptor undergoes dimerization,
the dimer-bound ligand has a much higher affinity than the
monomer-bound one, due to the fact that the dissociation
rate of the ligand from the dimeric receptor-bound ligand
complex is much slower (corresponding to what we called
the Ksuper state of the receptor’®) than that from the
monomeric receptor-bound ligand complex. The impor-
tance of receptor dimerization in slowing the rate of ligand
dissociation has also recently been recognized in the stem-
cell factor receptor.?!

Thus, the bivalent cross-linking model provides a mecha-
nism by which high-affinity binding and long-lasting associa-
tion (and therefore more sustained signal transduction) is
created from an otherwise weak molecular interaction. We
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Reprinted with permission from Endocrinology 135:472-475, 1994.5% © The Endocrine Society.

will discuss further the importance of this time factor in sig-
naling efficiency, especially regarding mitogenic signaling.

What negative cooperativity adds to the above-men-
tioned properties is to make the affinity of the complex (and
its dissociation rate) dependent on the ambient ligand
concentration.

Therefore, negative cooperativity may act as a buffering
device that allays the potency of mitogenic signaling and
controls the transforming potential of the ubiquitous insu-

lin and IGF-I receptors, which as a result are rather weak
mitogens. Impairing this natural restraint by engineering
tightly binding analogs has been shown recently to have
undesirable consequences, such as an increased carcino-
genic or mitogenic potential® (see below).

DETERMINANTS OF SIGNALING SPECIFICITY

Since a variety of diverse signals converge on common
signaling pathways such as the raf-1 to MAP kinase cascade
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HEXAMER .> DIMER (see review by Seedorf, this issue, for description of growth
FACE FACE . .

factor signaling pathways), one may wonder how the

INSULIN diversity of ligand-specific responses is generated. Re-

sponse specificity may be generated by the particular
pattern of receptors expressed in a given cell, as well as by
divergences in the most distal downstream signaling elé:
ments (eg, transcription factors) displayed in a given cell. In
other words, there may be specificity elements both up-
stream and downstream of the common pathway. Other
factors possibly involved in signaling specificity are shown in
Table 1 (see also review by Seedorf, this issue). However, it
appears that these answers do not completely resolve the
specificity problem, as shown by two examples.

The rat pheochromocytoma PC12 cell line possesses
receptors for both NGF and epidermal growth factor
(EGF). The effects of the two growth factors on this cell
line differ markedly. EGF induces cell proliferation, whereas

Fig 2. Symmetrical, alternative bivalent cross-linking model for NGF induces cell differentiation into a sympathetic neuro-
insulin binding to its receptor viewed from the top. The first insulin nal phenotype, despite the fact that the two growth factors

molecule binds through site 1 to the receptor’s «; subsite, and then s . R .
: 1 h oryla-
cross-links through its site 2 to the second receptor subunit's a, share the same signaling elements: tyrosine phosphoryla

subsite. The resulting tight bivalent binding has been referred to as tion, membrane ruffling, identical lmmediate early genes,
the K,,p,, State.’205365 At higher insulin concentration, partial dissocia- ras, extracellular factor-regulated kinase (ERK)/MAP ki-
tion of the first bound insulin allows a second molecule to cross-link nases, ribosomal S6 kinase (RSK)/S6 kinases, tyrosine
the opposite oqa, pair, which allows the first molecule to dissociate hydroxylase, ornithine decarboxylase, 2—deoxyglucose uptake,

completely. This explains the observed accelerated dissociation (nega- 4+ . 67
tive cooperativity). At high insulin concentrations, & and o, opposite Na*/K pump, and sodium channels.®” One cannot exclude the

INTERMEDIATE INSULIN HIGH INSULIN

the first cross-link are both occupied, preventing the second cross- possibility that as yet undiscovered, more distal genetic ele-
linking and maintaining the first insulin molecule bound in the K,.,.. ~ ments provide areas of signaling divergence. However, a con-
state. This explains the bell-shaped dose-response curve of dissocia- cept is emerging that the nature of signaling elements involved

tion kinetics (see Fig 3). In the case of IGF-I (as well as certain insulin . : e s .
TIIn; PO; €
analogs with mutations in site 1), we speculate that the binding of site is not the Only dete ant of response SpGCIﬁCIty, g m

1 to &, occurs more slowly than that of site 2 to , , which therefore choosing to pursue a differentiating versus a proliferative
occurs first, and then site 1 cross-links to the other subunit’s e,. This program, but that kinetic aspects of their activation play a
binding mode may enhance mitogenic signaling.?® For the same determinant role in signal specificity (see below).

reason, at high IGF-l concentrations, the third molecule of IGF-I does A second example is the divergent effects of the two

not have time to bind to the empty o4 before the second cross-link . . .
occurs, and the negative cooperativity curve is therefore not bell- closely related llgands (and receptors Of) insulin and IGF-1.

shaped.® (see Fig 3). The conventional wisdom is that insulin is primarily a
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Table 1. Determinants of Signaling Specificity

Types of receptors expressed in a given cell

Stoichiometry of receptors/substrates

Types of substrates/signaling molectiles expressed in a given cell

Relative affinity of receptors for substrates/signaling molecules;
mass action (competition for same substrates depending on
level of receptor expression}

Hybrid receptors

Feedback loops {phosphatases and serine/threonine kinases)

Localization of signaling molecule within the cell

Activation kinetics of signaling molecules {transient v sustained,
and time delays)

metabolic hormone and IGF-I is primarily a growth factor,
and that they share each other’s effects at high concentra-
tion due to the weak cross-reactivity of each ligand for the
other’s receptor.®

Although the notion that insulin is a physiological growth
factor is controversial, several lines of evidence suggest that
the insulin receptor can produce a mitogenic signal and
support cell growth and in some circumstances may even be
involved in cell transformation (for review, see Moses® and
De Meyts et all).

The fact that many, if not most, cells contain both
receptors usually complicates the interpretation. In some of
these cell types, such as NIH3T3 cells, stimulation of
thymidine incorporation by insulin produces a poorly sensi-
tive curve, suggesting that the response is mediated through
the IGF-I receptor.

Few cell lines have been shown to lack IGF-I receptors
and to show insulin-dependent growth and sensitive curves
for insulin-stimulated thymidine incorporation, such as the
H35 or KRC7 hepatoma cell lines.®*7! Qur recent study
with a T-cell lymphoma line (denoted LB) devoid of IGF-1
receptors, in which insulin acts as a potent mitogen at
low concentrations, clearly demonstrates that insulin is
capable of mitogenic signaling through its own receptor?
(Ish-Shalom D, Tzimon G, Christoffersen CT, et al, submit-
ted).

Therefore, although it is clear that insulin can be both
metabolic and mitogenic, it is not clear if and where the two
pathways diverge, especially since both MAP kinase and
phosphatidylinositol-3 kinase have been implicated as be-
ing essential for both. It has been suggested that IRS-1 may
mediate metabolic responses and that shc is important for
mitogenesis,” but this remains to be proven.

Moreover, there is little evidence that insulin and IGF-I
have different signaling modes: both phosphorylate IRS-1
and activate phosphatidylinositol-3 kinase and MAP ki-
nases and c-fos. "7’

In our studies of the kinetic and biological properties of
insulin analogs, we have determined certain elements that
may provide some selectivity in metabolic potency versus
mitogenic potency at the level of the binding step itself,
within the framework of our proposed bivalent binding
model. We believe that the kinetics of a signaling event may
be as important in selecting response patterns as the nature
of the molecules involved.
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THE BIVALENT CROSS-LINKING MECHANISM AS A
SWITCH AND A TIMER

A signaling device like a receptor must feature as distinct
elements a conformational switch and a timer.” The switch
transforms the input signal from the ligand into a conforma-
tional change in the signal-generator domain, thereby
activating it. The timer determines how long the signal-
generator domain will remain “on” in response to reception
of a signal by the detector domain. For example, in the case
of G proteins such as ras or G,, binding of guanosine
triphosphate turns the switch “on” while the intrinsic
guanosine triphosphatase serves as the timer.”

In the receptor dimerization model, bivalent cross-
linking of two receptor subunits provides both the switch
and the timer. Immunologists have long recognized that
bivalent ligand binding increases the likelihood that two
mobile receptors will remain approximated long enough to
transduce a signal”># (Fig 4).

Two elements of the bivalent cross-linking by insulin,
insulin analogs, or IGFs may provide selectivity for meta-
bolic versus mitogenic signaling, the first one related to the
switch and the second to the timer.

First, the order of cross-linking by the two faces of the
ligand may generate asymmetric signaling depending on
which face binds first (ie, the dimer-forming surface or the
hexamer-forming surface of insulin). In other words, the
bivalent switch may be anisotropic. We® have recently
proposed that insulin and IGF-I may cross-link their
receptor a-subunits in opposite order, thereby enhancing,
respectively, metabolic or mitogenic signaling.

Second, the tightness of the bivalent cross-link may
enhance mitogenic effects by inducing a sustained signal.
Analogs of insulin with enhanced mitogenic potency rela-

]

I

o

1o §

g

10' {0908 <

— S

S0t 1098 §

fe g

8L o 3

@™~ 10 0.97 s

c e

£E 5

- =
=D 107 T 0.96

o= £

52 / :

25 10* 1095 _

B £ 5

s ]

a8z " 3

e 10 a

& o

10 o

2

. —-

7

e

10 12 14 16 18 20

Transduction time/Separation time
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tive to binding affinity indeed had a slower rate of dissocia-
tion from the insulin receptor of the above-mentioned LB
cells, as well as a loss of negative cooperativity. This implies
that the first insulin molecule remained bivalently bound
even in the presence of an excess of cold insulin. The
mitogenic potency of a series of insulin analogs was in-
versely correlated with the dissociation rate rather than
with the affinity.! Cross-linking may be required for a
sustained activation of the receptor tyrosine kinase in order
to induce mitogenic signaling.

The ligand-binding step is not the only one in which the
kinetics of signaling play a role in defining specificity. A
more downstream example is provided by the role of MAP
kinase in the effects of NGF and EGF on cell proliferation
and differentiation in PC12 cells discussed earlier. Several
groups found that NGF, which induces differentiation,
induces a sustained activation of MAP kinase, while EGF,
which induces cell proliferation, stimulates MAP kinase
activity only transiently®># (see also review by Seedorf, this
issue). Many of the nodes in the signaling network may
comprise a similarly regulated timer.

As discussed elsewhere,! the concept of signal transduc-
tion has evolved from that of a collection of unidimensional

parallel signaling cascades to that of a two-dimensional
network with lateral connectivities between pathways. We
believe that time is the third—and not the least important—
dimension of the signal transduction network.

To fully understand how the time factor may affect
bifurcation decisions at a given node in the signaling
network, a quantitative description of integrated signaling
pathways is warranted. We are currently working on a
comprehensive theory of signal transduction based on
approaches devised for the description of regulatory net-
works such as genetic control circuits, based on Boolean
logics.3-8% Such an approach is needed to go beyond
descriptive molecular anatomy and grasp the functional
physiology of the interrelationships between signaling ele-
ments.

ACKNOWLEDGMENT

Discussions on signal transduction kinetics with Klaus Seedorf,
Hans Tornqvist, Anker G. Lundemose, and Kirsten Drejer and on
integrated circuits with René Thomas are gratefully acknowledged,
as is the collaboration with Thomas Kjeldsen and Asser S.
Andersen on chimeric receptors. The Hagedorn Research Institute
is an independent basic research component of Novo Nordisk.

REFERENCES

1. De Meyts P, Wallach B, Christoffersen CT, et al: The
insulin-like growth factor-I receptor. Structure, ligand binding
mechanism and signal transduction. Horm Res 42:152-169, 1994

2. Krebs EG, Beavo JA: Phosphorylation-dephosphorylation of
enzymes. Annu Rev Biochem 48:923-959, 1979

3. Hunter T: A thousand and one protein kinases. Cell 50:823-
829, 1987

4. Hunter T, Sefton BM: The transforming gene product of
Rous sarcoma virus phosphorylates tyrosine. Proc Natl Acad Sci
USA 77:1311-1315, 1980

5. Hunter T: Protein-tyrosine phosphatases: The other side of
the coin. Cell 58:1013-1016, 1989

6. Cohen P: The structure and regulation of protein phospha-
tases. Annu Rev Biochem 58:453-508, 1989

7. Tonks NK, Yang Q, Flint AJ, et al: Protein tyrosine phospha-
tases: The problems of a growing family. Cold Spring Harbor Symp
Quant Biol 17:87-94, 1992

8. Wilks AF: Structure and function of the protein tyrosine
kinases. Prog Growth Factor Res 2:97-111, 1990

9. Hunter T, Lindberg RA, Middlemas DS, et al: Receptor
protein tyrosine kinases and phosphatases. Cold Spring Harbor
Symp Quant Biol 17:25-41, 1992

10. Cantley LC, Auger KR, Carpenter C, et al: Oncogenes and
signal transduction. Cell 64:281-302, 1991

11. Argetsinger LS, Campbell GS, Yang X, et al: Identification
of JAK? as a growth hormone receptor-associated tyrosine kinase.
Cell 74:237-244, 1993

12. Cadena DL, Gill GN: Receptor tyrosine kinases. FASEB J
6:2332-2337, 1992

13. Ulirich A, Schlessinger J: Signal transduction by receptors
with tyrosine kinase activity. Cell 61:203-212, 1990

14. Yarden Y, Ullrich A: Growth factor receptor tyrosine
kinases. Annu Rev Biochem 57:443-478, 1988

15. Tavaré JM, Siddle K: Mutational analysis of insulin receptor
function: Consensus and controversy. Biochim Biophys Acta 1178:
21-39, 1993

16. Hubbard SR, Wei L, Ellis L, et al: Crystal structure of the
tyrosine kinase domain of the human insulin receptor. Nature
372:746-754, 1994

17. White MF, Livingston JN, Backer JM, et al: Mutation of the
insulin receptor at tyrosine 960 inhibits signal transduction but
does not affect its tyrosine kinase activity. Cell 54:641-649, 1988

18. Schlessinger J: Signal transduction by allosteric receptor
oligomerization. TIBS 13:443-447, 1988

19. Williams LT: Signal transduction by the platelet-derived
growth factor receptor. Science 243:1564-1570, 1989

20. De Meyts P: The structural basis of insulin and insulin-like
growth factor-I (1GF-I) receptor binding and negative coopera-
tivity, and its relevance to mitogenic versus metabolic signaling.
Diabetologia 37:5135-5148, 1994 (suppl 2)

21. Blechman JM, Lev S, Barg J, et al: The fourth immunoglobu-
lin domain of the stem cell factor receptor couples ligand binding
to signal transduction. Cell 80:103-113, 1995

22. de Vos AM, Ultsch M, Kossiakoff AA: Human growth
hormone and extracellular domain of its receptor: Crystal structure
of the complex. Science 255:306-312, 1992

23. Stahl N, Yancopoulos GD: The alphas, betas, and kinases of
cytokine receptor complexes. Cell 74:587-590, 1993

24. Kishimoto T, Taga T, Akira S: Cytokine signal transduction.
Cell 76:253-262, 1994

25. Shuldiner AR, Barbetti F, Raben N, et al: Insulin, in
LeRoith D (ed): Insulin-Like Growth Factors: Molecular and
Cellular Aspects. Boca Raton, FL, CRC, 1991, pp 181-219

26. Gammeltoft S: Insulin receptors: Binding kinetics and struc-
ture-function relationships of insulin. Physiol Rev 64:1321-1378,
1984

27. Gammeltoft S, Van Obberghen E: Protein kinase activity of
the insulin receptor. Biochem J 235:1-11, 1986

28. Zick Y: The insulin receptor: Structure and function. Crit
Rev Biochem Mol Biol 24:217-269, 1989

29. De Meyts P, Gu J-L, Smal I, et al: The insulin receptor gene
and its product: Structure and function, in Nerup J, Mandrup-



10

Poulsen T, Hokfelt B (eds): Genes and Genes Products in the
Pathogenesis of Diabetes Mellitus. Amsterdam, The Netherlands,
Elsevier, 1989, pp 185-203

30. Siddle K: The insulin receptor, in Ashcroft FM, Ashcroft
SJH (eds): Insulin: Molecular Biology to Pathology. Oxford, UK,
IRL Press, 1993, pp 191-234 .

31. Siddle K: The insulin receptor and type I IGF receptor:

Comparison of structure and function. Prog Growth Factor Res
4:301-320, 1992

32. Pessin JE, Treadway JL: Structural basis for ligand-depend-
ent transmembrane signaling of the insulin and IGF-I receptor
kinases, in LeRoith D, Raizada MK (eds): Molecular and Cellular
Biology of Insulin-Like Growth Factors and Their Receptors. New
York, NY, Plenum, 1989, pp 261-284

33. Moxham C, Jacobs S: Insulin-like growth factor receptors, in
Schofield PN (ed): The Insulin-Like Growth Factors. Structure
and Biological Functions. Oxford, UK, Oxford University Press,
1992, pp 80-109

34. Lee J, Pilch PF: The insulin receptor: Structure, function
and signaling. Am J Physiol 266:C319-C334, 1994

35. Piron MA, Michiels-Place M, Waelbroeck M, et al: Structure-
activity of insulin-induced negative cooperativity among receptor
sites, in Brandenburg D, Wollmer A (eds): Insulin Chemistry.
Structure and Function of Insulin and Related Hormones. Berlin,
Germany, de Gruyter, 1980, pp 371-391

36. Harrington EA, Bennett MR, Fanidi A, et al: ¢-Myc-
induced apoptosis in fibroblasts is inhibited by specific cytokines.
EMBO J 13:3286-3295, 1994

37. Nissley P, Kiess W, Sklar MM: The insulin-like growth factor
I1/mannose-6-phosphate receptor, in LeRoith D (ed): Insulin-
Like Growth Factors: Molecular and Cellular Aspects. Boca
Raton, FL, CRC, 1991, pp 111-150

38. Clemmons D: Insulin-like growth factor binding proteins, in
LeRoith D (ed): Insulin-Like Growth Factors: Molecular and
Cellular Aspects. Boca Raton, FL, CRC, 1991, pp 151-179

39. Ullrich A, Bell JR, Chen EY, et al: Human insulin receptor
and its relationship to the tyrosine kinase family of oncogenes.
Nature 313:756-761, 1985

40. Ebina Y, Ellis L, Jarnagin K, et al: The human insulin
receptor cDNA: The structural basis for hormone-activated trans-
membrane signalling. Cell 40:747-758, 1985

41, Ullrich A, Gray A, Tam AW, et al: Insulin-like growth
factor-I receptor primary structure: Comparison with insulin recep-
tor suggests structural determinants that define functional specific-
ity. EMBO J 5:2503-2512, 1986

42. Czech M: Structural and functional homologies in the
receptors for insulin and the insulin-like growth factors. Cell
31:8-10, 1982

43. Bajaj M, Waterfield MD, Schlessinger J, et al: On the
tertiary structure of the extracellular domains of the epidermal
growth factor and insulin receptors. Biochim Biophys Acta 916:220-
226,1987

44, Andersen AS, Kjeldsen T, Wiberg FC, et al: Identification of
determinants that confer ligand specificity on the insulin receptor.
J Biol Chem 267:13681-13686, 1992

45. Kjeldsen T, Andersen AS, Wiberg FC, et al: The ligand
specificities of the insulin receptor and the insulin-like growth
factor-I receptor reside in different regions of a common binding
site. Proc Natl Acad Sci USA 88:4404-4408, 1991

46. Schumacher R, Mosthaf L, Schlessinger J, et al: Insulin and
insulin-like growth factor-1 binding specificity is determined by
distinct regions of their cognate receptors. J Biol Chem 266:19288-
19295, 1991

47. De Meyts P, Gu J-L, Shymko RM, et al: Identification of a

DE MEYTS ET AL

ligand-binding region of the human insulin receptor encoded by
the second exon of the gene. Mol Endocrinol 4:409-416, 1990

48. Williams PF, Mynarcik DC, Qin YG, et al: Mapping of an
NH,-terminal ligand binding site of the insulin receptor by alanine
scanning mutagenesis. J Biol Chem 270:1-5, 1995
. 49. Wedekind F, Baer Pontzen K, Bala Mohan S, et al: Hor-
mone binding site of the insulin receptor: An analysis using
photoaffinity-mediated avidin complexing. Biol Chem Hoppe Seyler
370:251-258, 1989

50. Zhang B, Roth RA: A region of the insulin receptor
important for ligand binding (residues 450-601) is recognized by
patients’ autoimmune antibodies and inhibitory monoclonal anti-
bodies. Proc Natl Acad Sci USA 88:9858-9862, 1991

51. Kadowaki H, Kadowaki T, Cama A, et al: Mutagenesis of
lysine 460 in the human insulin receptor. Effect upon receptor
recycling and cooperative interactions among binding sites. J Biol
Chem 265:21285-21296, 1990

52. Schumacher R, Soos MA, Schlessinger J, et al: Signaling-
competent chimeras allow mapping of major insulin receptor
binding domains determinants. J Biol Chem 268:1087-1094, 1993

53. Christoffersen CT, Bornfeldt KE, Rotella CM, et al: Nega-
tive cooperativity in the insulin-like growth factor-I (IGF-I) recep-
tor and a chimeric IGF-1/insulin receptor. Endocrinology 135:472-
475, 1994

54. Kurose T, Pamshforoush M, Yshimasa Y, et al: Cross-
linking of a B25 azidophenylalanine insulin derivative to the
carboxyl-terminal region of the a-subunit of the insulin receptor. J
Biol Chem 269:29190-29197, 1994

55. Stoddard BL, Biemann HP, Koshland DE Jr: Receptors and
transmembrane signaling. Cold Spring Harbor Symp Quant Biol
17:1-15, 1992

56. Lee J, O’'Hare T, Pilch P, et al: Insulin receptor autophos-
phorylation occurs asymmetrically. J Biol Chem 268:4092-4098,
1993

57. De Meyts P, Roth J, Neville DM Jr, et al: Insulin interac-
tions with its receptors: Experimental evidence for negative cooper-
ativity. Biochem Biophys Res Commun 55:154-161, 1973

58. De Meyts P, Roth J: Cooperativity in ligand binding: A new
method of graphic analysis. Biochem Biophys Res Commun
66:1118-1126, 1975

59. De Meyts P, Bianco AR, Roth J: Site-site interactions
among insulin receptors: Characterization of the negative cooper-
ativity. J Biol Chem 251:1877-1888, 1976

60. De Meyts P, Van Obberghen E, Roth J, et al: Mapping of
the residues of the receptor binding region of insulin responsible
for the negative cooperativity. Nature 273:504-509, 1978

61. Schiffer L: A model for insulin binding to the insulin
receptor. Eur J Biochem 221:1127-1132, 1994

62. Soos MA, Field CE, Siddle K: Purified hybrid insulin/insulin-
like growth factor-I receptors bind insulin-like growth factor-I, but
not insulin, with high affinity. Biochem J 290:419-426, 1993

63. Zhong P, Cara JF, Tager HS: Importance of receptor
occupancy, concentrations differences, and ligand exchange in the
insulin-like growth factor-I receptor system. Proc Natl Acad Sci
USA 90:11451-11455, 1993

64. Tollefsen SE, Thompson K: The structural basis for insulin-
like growth factor-I receptor high affinity binding. J Biol Chem
263:16267-16273, 1988

65. Gu J-L, Goldfine ID, Forsayeth JR, et al: Reversal of
insulin-induced negative cooperativity by monoclonal antibodies
that stabilize the slowly dissociating (“Ksuper”) state of the insulin
receptor. Biochem Biophys Res Commun 150:640-701, 1988

66. Drejer K: The bioactivity of insulin analogues from in vitro
receptor binding to in vivo glucose uptake. Diabetes Metab Rev
8:259-286, 1992



THE TIME FACTOR IN SIGNALING SPECIFICITY

67. Chao MV: Growth factor signaling: Where is the specificity?
Cell 68:995-997, 1992

68. Moses AC: Is insulin a growth factor?, in LeRoith D (ed):
Insulin-Like Growth Factors: Molecular and Cellular Aspects.
Boca Raton, FL, CRC, 1991, pp 245-270

69. Koontz JW, Iwahashi M: Insulin as a potent, specific growth
factor in a rat hepatoma cell line. Science 211:947-949, 1981

70. Petersen B, Blecher M: Insulin receptors and functions in
normal and spontaneously transformed cloned rat hepatocytes.
Exp Cell Res 120:119-125, 1979

71. Hofmann C, Marsh JW, Miller B, et al: Cultured hepatoma
cells as a model system for studying insulin processing and biologic
responsiveness, Diabetes 29:865-874, 1980

72. Pillemer G, Lugasi-Evgi H, Scharovski G, et al: Insulin
dependence of murine lymphoid T-cell leukemia. Int J Cancer
50:80-85, 1992

73. Skolnik EY, Lee CH, Batzer A, et al: The SH2/SH3
domain-containing protein GRB2 interacts with tyrosine-phos-
phorylated IRS 1 and She: Implications for insulin control of ras
signalling. EMBO J 12:1929-1936, 1993

74. Prager D, Melmed S: Insulin and insulin-like growth factor I
receptors: Are there functional differences? Endocrinology 132:
1419-1420, 1993 (editorial)

75. Lamphere L, Lienhard GE: Components of signaling path-
ways for insulin and insulin-like growth factor-1 in muscle myo-
blasts and myotubes. Endocrinology 132:2196-2202, 1992

76. Myers MG, Sun XJ, Cheatham B, et al: IRS-I is a common
element in insulin and insulin-like growth factor-I signaling to the
phosphatidylinositol 3’-kinase. Endocrinology 132:1421-1430, 1993

77. Myers MG, Backer JM, Sun XJ, et al: IRS-I activates
phosphatidylinositol 3'-kinase by associating with src homology 2
domains of p85. Proc Natl Acad Sci USA 89:10350-10354, 1992

78. Bourne H: G proteins as signaling machines, in Progress in

1

Endocrinology. Ninth International Congress of Endocrinology,
Nice, France. London, UK, Parthenon

79. Metzger H: Transmembrane signaling: The joy of aggrega-
tion. J Immunol 149:1477-1487, 1992

80. DeLisi C: The biophysics of ligand-receptor interactions. Q
Rev Biophys 13:201-230, 1980

81. De Meyts P, Christoffersen CT, Ursg B, et al: Insulin
potency as a mitogen is determined by the half-life of the
insulin-receptor complex. Exp Clin Endocrinol 101:22-23, 1993

82. Traverse S, Gomez N, Paterson H, et al: Sustained activation
of the mitogen-activated protein (MAP) kinase cascade may be
required for differentiation of PCI12 cells. Comparison of the
effects of nerve growth factor and epidermal growth factor.
Biochem J 288:351-355, 1992

83. Nguyen TT, Scimeca JC, Filloux C, et al: Co-regulation of
the mitogen-activated protein kinase, extracellular signal-regu-
lated kinase 1, and the 90 kDa ribosomal S6 kinase in PC12 cells.
Distinct effects of the neurotrophic factor, nerve growth factor, and
the mitogenic factor, epidermal growth factor. J Biol Chem
268:9803-9810, 1993

84. Qiu MS, Green SH: NGF and EGF rapidly activate p21ras in
PC12 cells by distinct, convergent pathways involving tyrosine
phosphorylation. Neuron 7:937-946, 1991

85. Traverse S, Seedorf K, Paterson H, et al: EGF triggers
neuronal differentiation of PCI12 cells that overexpress the EGF
receptor. Curr Biol 4:694-701, 1994

86. Thomas R: Boolean formalisation of genetic control circuits.
J Theor Biol 42:563-585, 1973

87. Thomas R, D’Ari R: Bijological Feedback. Boca Raton, FL,
CRC, 1989

88. Thomas R: Regulatory networks seen as asynchronous
automata: A logical description. J Theor Biol 153:1-23, 1991



