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binding surface) and the other residues from the hexamerization face. High-
affinity binding involves one insulin molecule using its two surfaces to make
bridging contacts with site 1 from one receptor monomer and site 2 from the
other. Whilst the receptor dimer has two identical site 1-site 2 pairs, insulin
molecules cannot bridge both pairs simultaneously. Our structures of the
insulin receptor (IR) ectodomain dimer and the L1-CR-L2 fragments of IR
and insulin-like growth factor receptor (IGF-1R) explain many of the fea-
tures of ligand-receptor binding and allow the two binding sites on the
receptor to be described. The IR dimer has an unexpected folded-over con-
formation which places the C-terminal surface of the first fibronectin-III
domain in close juxtaposition to the known L1 domain ligand-binding sur-
face suggesting that the C-terminal surface of Fnlll-1 is the second binding
site involved in high-affinity binding. This is very different from previous
models based on three-dimensional reconstruction from scanning transmis-
sion electron micrographs. Our single-molecule images indicate that IGF-1R
has a morphology similar to that of IR. In addition, the structures of the first
three domains (L1-CR-L2) of the IR and IGF-1R show that there are major
differences in the two regions governing ligand specificity. The implications
of these findings for ligand-induced receptor activation will be discussed.This
review summarizes the key findings regarding the discovery and character-
ization of the insulin receptor, the identification and arrangement of its
structural domains in the sequence and the key features associated with
ligand binding. The remainder of the review deals with a description of the
receptor structure and how it explains much of the large body of biochemical
data in the literature on insulin binding and receptor activation.
Keywords  binding model, crystal structure, insulin binding sites, insulin
receptor ectodomain.

The first evidence for the presence of an insulin receptor plasma membrane of insulin-responsive cells (Cuatre-
(IR) came in 1971 from the pioneering studies of casas 1971). The IR could be solubilized with non-ionic
Cuatrecasas using >’I- insulin to label a protein in the detergents and was subsequently shown by SDS gel
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electrophoresis to be a homodimer composed of two
o- and two f-chains held together by disulphide bonds
(Hedo et al. 1981, Massague et al. 1981, Siegel et al.
1981). Their existence on the cell surface as disulphide-
linked dimers is a major feature that separates the IR
subfamily from most other receptor families. Members
of the IR subfamily presumably require domain rear-
rangements rather than receptor oligomerization for cell
signalling. The next key discovery was the demonstra-
tion that the IR was a tyrosine kinase (Kasuga et al.
1982). Similar data have been established for the
insulin-like growth factor receptor (IGF-1R) and its
activation by IGF-I and IGF-II (Jacobs et al. 1983,
Rubin et al. 1983).

The ¢cDNA for human IR was cloned and sequenced
in 1985 (Ebina et al. 1985, Ullrich et al. 1985). It codes
for a 1370 amino acid precursor which is cleaved by
furin into an «- and f-chain. The o-chain and 194
residues of the pB-chain comprise the extracellular
portion of the IR, there is a single transmembrane
sequence and a 403 residue cytoplasmic domain
containing the tyrosine kinase. The c¢cDNAs for the
IGF-1R and a third member of the IR subfamily, the
insulin receptor-related receptor (IRR), have been
cloned and sequenced and are similarly organized
(Ullrich et al. 1986, Shier & Watt 1989).

These receptors are heavily glycosylated with the IR
carrying both O-linked and N-linked glycans. The
O-linked glycans are of the mucin type (Gal.NAc.
Gal.NeuAc and Gal.NAc.Gal) and are attached to six
sites (Thr744, Thr749, Ser757, Ser758, Thr759 and
Thr763) located in a 20 residue segment that begins nine
residues downstream of the start of the IR f-chain
(Sparrow et al. 2007a). There are 19 potential N-linked
sites in the IR monomer, 17 of which are used. Most sites
are of the complex type with only a few carrying high
mannose type glycans (Sparrow et al., 2007b).

The ligands, insulin and the two IGFs, share a
common 3D architecture and can bind to IR and
IGF-1R in a competitive manner. No ligand has been
reported for IRR and its physiological function is
unknown. However, the demonstration that a triple
Ir/Igfr/Irr gene knockout (unlike the single and all
possible double knockouts) is incapable of developing
the male phenotype indicates that IRR can substitute for
the other receptors in mediating the appearance of male
gonads and male sexual differentiation (Nef et al.
2003).

Domain organization of IR and IGF-IR

The insulin and the type I IGFR are large, transmem-
brane glycoproteins. Comparative sequence analyses
have shown that the IR family members are composed
of a number of different, repeated structural units (Bajaj
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et al. 1987, Ward et al. 1995, Ward & Garrett 2001) as
summarized in Figure 1. The N-terminal half of each
ectodomain monomer consists of two homologous
leucine-rich repeat domains (L1 and L2) of approxi-
mately 150 amino acids, separated by a cysteine-rich
region (CR) also approximately 150 residues in size and
itself predicted to consist of seven smaller repeats
(containing either one or two disulphide bonds), similar
to those found in laminin and EGF as well as the EGF
and TNF receptors (Ward et al. 1995). The C-terminal
half of each ectodomain monomer (approximately 460
residues) consists of three fibronectin type III domains
(FnlIII-1, FnllI-2 and FnlII-3). Fnlll domains are one of
the most common structural modules found in many
extracellular proteins (Campbell & Spitzfaden 1994).
They are relatively small (~100 amino acids) and
consist of a seven-stranded pB-sandwich (f-strands
A-G) in a three-on-four (EBA : GFCC’) topology.
Fnlll-2 of IR contains a large 120 residue insert
(O’Bryan et al. 1991) which we termed the insert
domain (ID) (Sparrow et al. 1997). The ID contains
the furin cleavage site that generates the o- and f-chains
of the mature receptor (Adams et al. 2000, De Meyts &
Whittaker 2002). Intracellularly each IR monomer
contains a tyrosine kinase catalytic domain flanked by
two regulatory regions (the juxtamembrane region and
the C-tail) that contain the phosphotyrosine binding
sites for signalling molecules.
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Figure | Cartoon of the insulin receptor showing its domain

organization. The receptor is synthesized as a single polypep-

tide and cleaved into an N-terminal o-chain and a $-chain after
dimer formation. Individual domains are coloured as follows:
L1, brown; CR, yellow; L2, green; FnllI-1, magenta; FnlII-2,

cyan; FnllI-3, blue. The inter- and intra-chain disulphides are
indicated by black connecting lines.
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The IR splice variant IR-B differs from IR-A by the
presence of a 12-amino acid segment (coded for by exon
11) inserted between IR-A residues 716 and 717, three
residues prior to the C-terminus of the a-chain (Adams
et al. 2000, De Meyts & Whittaker 2002). There are
o—o disulphide bonds at two locations (Cys524 in FnlII-1
and the Cys682, Cys683 and Cys6835 triplet in the ID
domain), whilst the a- and -chains are linked by a single
disulphide bond Cys647-Cys860 (IR-A numbering)
(Sparrow et al. 1997).

Features of insulin binding

The current model for insulin binding (De Meyts &
Whittaker 2002, De Meyts 2004, McKern et al. 2006,
Ward et al. 2007) proposes that each monomer in the IR
dimer contains two different binding sites (referred to as
sites 1 and 2) located on two different regions of each
monomer (see Fig. 2). Binding of insulin to the low-
affinity site (site 1) on either of the a-subunits is followed
by a second binding event between the bound insulin and
the second site (site 2) of the alternate IR a-subunit.
Negative co-operativity occurs because high-affinity
binding can only occur between the pair of sites on one
side of the IR dimer (sites 1 and 2’), or the corresponding
pair of sites on the other side (sites 1" and 2). Formation
of the alternate (site 17/site 2) cross-link opens up the
initial one (site 1/site 2’), promoting dissociation of the
ligand bound to the initial site. Two insulin molecules
cannot bridge both site 1/site 2" and site 1/site 2 pairs
simultaneously. High-affinity binding is associated with
some conformational change within the receptor making
it more compact (Lee et al. 1997, Florke et al. 2001).
The ligand also changes on binding. The B-chain
C-terminal peptide (B21-B30) moves away from its

IR in basal state
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contact with residues Al and A2 to expose the
hydrophobic surface composed of residues A1-A3,
A19, A20, B11, B12, B15 and B19 (Derewenda et al.
1991, Schiffer 1994, Ludvigsen et al. 1998, Xu et al.
2004, Wan et al. 2005). The B-chain N-terminus is also
thought to change from an extended, more stable, but
less active, T state (the classical structure) to the less
stable, but more active, R-state, where the B-chain helix
extends to include residues B1-B8 (Nakagawa et al.
2005).

3D structures of the IR and IGF-IR

The 3D structures of the L1-CR-L2 fragments of IR
(Lou et al. 2006) and IGF-1R (Garrett et al. 1998) and
the structure of the whole IR ectodomain dimer
(McKern et al. 2006) provide a framework against
which the features of insulin binding can be interpreted
and allows a tentative description of sites 1 and 2 to be
made. The structure of the IR ectodomain monomer
and dimer is shown in Figure 3. The L1-CR-L2
fragment structures for IGF-1R (Garrett et al. 1998)
and IR (Lou et al. 2006) reveal that the central S-sheet
of the L1 domain is a major contributor to ligand
binding. Most of the mutant IRs from patients with
defects in insulin binding (Taylor ez al. 1994, Rouard
et al. 1999) and all of the L1 domain mutants (gener-
ated by alanine scanning mutagenesis) with defects in
insulin binding (Williams et al. 1995) have mutations
on this face (Garrett et al. 1998, Lou et al. 2006). The
central modules of CR, which line one side of the
ligand-binding cavity in the L1-CR-L2 fragment
(Garrett et al. 1998, Lou etal. 2006), are also
important for IGF-1 binding, based on the properties
of IR/IGF-1R chimeric whole receptors and soluble

CR

Fnlll-3,-2,-1 L2

IR in high-affinity state

Figure 2 Cartoon of insulin binding to membrane-anchored insulin receptor (IR). The symmetrical alignment of the ectodomains
of the two monomers in the IR dimer is shown when viewed down the twofold axis. The colours for the domains are the same as in
Figure 1. The ID polypeptide is shown as a cyan-coloured line, with the o/f cleavage site highlighted by a ‘scissors’ symbol. The
approximate locations of sites 1 and 2 on each monomer are indicated by the numbered circles, with site 1 being composed of
contributions from L1 and CR from one monomer and CT from the other. In the basal state both low affinity sites are equally
accessible. In the high-affinity state, one insulin molecule crosslinks sites 1 and 2 on one side of the dimer causing the two monomers
to close up on that side and open up on the opposite side. Negative co-operativity is explained by the formation of the alternate
cross-link involving the two left over binding sites and the disruption of the first bridging contacts. The monomers in the dimer can
be viewed as ‘see-sawing’ between these two alternatives.
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(b)

Figure 3 Schematic diagram of the insulin receptor (IR) ectodomain monomer and dimer showing the relative arrangement of

domains. Individual domains are coloured as in Figure 1. (a) The IR monomer is shown in tube representation. Intra-monomer
disulphides are shown in black stick representation as are the inter-monomer disulphide at Cys 524 and the «-f disulphide bond
between Cys647 at the start of ID and Cys860 in FnllII-3. Convincing electron density was not seen (McKern et al. 2006) for a-chain
residues 1-3 and 656-719 or for p-chain residues 724-754 and 910-917. The visible termini (residues 4, 655, 755 and 909) are
labelled. (b) The IR homodimer. One IR monomer is shown in tube representation, the other is shown in atomic sphere repre-
sentation. The location of the potential N-linked glycosylation sites is shown in black on each monomer. Reproduced from McKern

et al. (2006) with permission.

ectodomains (reviewed in Adams et al. 2000) and of
IGF-1Rs after site-specific mutagenesis (Whittaker et al.
2001). Finally, chemical cross-linking (Kurose et al.
1994), site-specific mutagenesis (Mynarcik et al. 1996,
1997) and the properties of a series of mini and chimeric
receptors (Kristensen et al. 1999) indicate that the last
16 residues of the a-chain (referred to as CT) are also
important contributors to ligand binding by both IR
and IGF-1R.

The IR ectodomain dimer structure (McKern et al.
2006) suggests that the CT peptide may be intimately
associated with the L1 binding face of the L1-CR-L2
fragment, creating one binding site composed of L1, CR
and CT. The binding face of each L1 domain in the
dimer had a small segment of electron density lying
across its surface which we suggest corresponds to the
CT peptide (McKern et al. 2006). This CT segment is
known to be in close juxtaposition to the L1 domain
because the adjacent insulin B-chain residues Phe24 and
Phe25 can be cross-linked to the L1 domain and CT
region respectively (Xu et al. 2004). We have suggested
(Ward et al. 2007) that there are two possible arrange-
ments for this CT segment in the dimer. One is that it
belongs to the same IR monomer as the L1 domain
against which it is positioned (as expected in IR half
receptors, which can be generated by mild reduction;
Treadway et al. 1989). The other option is that the CT
peptide adjacent to the L1 domain of one monomer is
provided by the ID of the second monomer. We
hypothesize (Ward et al. 2007) that it is this latter
arrangement that occurs in the wild-type receptor, given

that pro-receptor cleavage occurs after receptor dimer-
ization (see Adams et al. 2000). The location of residue
755 (at the C-terminal end of the ID) in our crystal
structure (Fig. 3a) indicates that dimerization of the
uncleaved IR would position the CT region of one
monomer against the ligand-binding surface of the L1
domain of the other monomer which is precisely where
it is required based on the chemical cross-linking data
(Xu et al. 2004). This has now been experimentally con-
firmed by complementation analysis using co-expression
of differentially tagged IR midi-receptors (Chan et al.
2007). The complementation pairs examined were the
Argl4Ala + FLAG/Phe714Gly + Myc pair of mutants
or the Phe64Ala + FLAG/Phe714Gly + Myc pair of
mutants. Whereas the singly-expressed mutants were
all devoid of insulin-binding ability, the hybrid mutants
bound insulin with wild-type affinity, showing that the
two mutations on the two monomers contributed to the
same binding site on one side of the dimer and that their
un-mutated counterparts on the alternate side of the IR
dimer were still capable of providing a normal (site 1)
insulin-binding site composed of L1 and CR from one
monomer and CT from the other.

The structure of the IR dimer also indicates that the
second binding site of the receptor involves one or more
of the AB, CC’ and EF loops of the first fibronectin
domain Fnlll-1. This juxtapositioning of the two
binding sites is achieved by the IR monomer adopting
an inverted ‘V’ layout relative to the cell membrane
(Fig. 3) where one leg is formed by the L1, CR and L2
fragment and the other by the three fibronectin

© 2008 The Authors
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domains, Fnlll-1, Fnlll-2 and Fnlll-3. As shown in
Figure 4, when the classical binding site of insulin is
modelled onto the site involving the L1 binding face of
IR, the second binding site on insulin (the hexamer face)
is exposed to interact with the C-terminal loops of
Fnlll-1 (McKern et al. 2006). Evidence supporting the
requirement of these portions of FnllI-1 for high-affinity
binding comes from (1) an analysis of IR/IGF-1R
chimeras, (2) chemical cross-linking studies and (3)
the differential binding properties of a series of trun-
cated IR ectodomains (reviewed in Ward et al. 2007). In
addition, insulin molecules with mutations on the
hexamer face are more severely compromised in their
binding to native receptor compared to their binding to
soluble ectodomains and display impaired negative
co-operativity (see De Meyts 2004), further implicating
this interaction in the generation and stabilization of the
high-affinity state.

Fnlll-1

Insulin

Fnlll-2

Fnlll-3

Figure 4 Ligand binding to the insulin receptor (IR) ectodo-
main. Schematic diagram of possible binding location of
insulin bridging two monomers in the IR homodimer. The L1,
CR and L2 domains are from one monomer, whilst the FnllIl
domains are from the other monomer. Domains are repre-
sented and coloured as in Figure 1, whilst insulin is shown in
grey atomic sphere representation. The positioning of insulin is
based on the model of insulin bound to L1-CR-L2 (Lou

et al. 2006). Reproduced from McKern et al. (2006) with
permission.
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Concluding remarks

We conclude that the low-affinity site which controls
ligand-binding specificity seen in wild-type receptors
and soluble ectodomain constructs includes contribu-
tions from the L1 domain binding face of one monomer
(referred to for this discussion as monomer A), the CT
peptide and possibly an additional peripheral portion of
the ID (Wan et al. 2004, 2005) from monomer B, and in
the case of IGF binding, the CR region from monomer
A. Low-affinity binding involves the large hydrophobic
patch on the L1 central f-sheet interacting with the
major hydrophobic surface of insulin (the classical site).
The nature of the interaction between insulin and the
CT peptide is not known apart from the fact that it
contacts insulin B25 (Kurose et al. 1994). It is tempting
to speculate that interaction between the CT peptide
(which comes from the second monomer, monomer B),
and insulin leads to the insulin B-chain C-terminal
region (B21-B30) being displaced from its contact with
insulin residues Al and A2 (Derewenda et al. 1991,
Schiffer 1994, Ludvigsen et al. 1998, Xu et al. 2004,
Wan et al. 2005). In the process the CT peptide from
monomer B is in turn displaced from its position over
the L1 binding face of monomer A allowing the now
exposed hydrophobic core of insulin to interact more
effectively with the hydrophobic patch on L1.

The data described in this review also suggest that the
second insulin-binding site corresponds to one or more
loops at the membrane-proximal end of FnlII-1 (McKern
et al.2006). The cross-linking model (see Fig. 2) accounts
for the properties of a hybrid IGF-1R dimer comprising a
normal monomer and a monomer with a mutation (in site
1) that abolishes binding (Chakravarty et al. 2005). This
hybrid receptor showed wild-type binding as it could still
create one normal, high-affinity binding site with site 1
from the wild-type monomer and the non-mutated site 2
of its partner. However, it could not exhibit negative
co-operativity (Chakravarty et al. 2005) because the
alternate combination of the mutated (defective) site 1
and wild-type site 2 is unable to bind ligand and thus is
unable to form the alternate high affinity cross-link. The
model also explains why IR-A/IGF-1R and IR-B/IGF-1R
hybrids all behave like IGF-1R (Slaaby et al. 2006).
Analysis of IR/IGF-1R chimeras showed that insulin, but
not IGF-1, binding required both sites 1 and 2 to be
donated by the IR (Schumacher ez al. 1993).

Our 3.8 A structure of the IR ectodomain (McKern
et al. 2006) is significantly different to and cannot be
reconciled with a previous low-resolution (~20 A)
model (Ottensmeyer et al. 2000) of the IR reconstructed
from dark-field scanning transmission electron micro-
scopy (STEM) images, which suggested that in the high-
affinity state insulin makes contact with the L1 and L2
modules of one IR monomer and the L1 and CR
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modules of the other. We note that doubt has been
raised about the STEM model by others (De Meyts &
Whittaker 2002), whilst our crystal structure of the
Fab-complexed ectodomain is in complete agreement
with our negative-stain electron microscopy studies of
the particle (Tulloch ez al. 1999, McKern et al. 2006).
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