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The insulin receptor (IR) lacking the alternatively
spliced exon 11 (IR-A) is preferentially expressed in
fetal and cancer cells. The IR-A has been identified
as a high-affinity receptor for insulin and IGF-II but
not IGF-I, which it binds with substantially lower
affinity. Several cancer cell types that express the
IR-A also overexpress IGF-II, suggesting a possible
autocrine proliferative loop. To determine the re-
gions of IGF-I and IGF-II responsible for this differ-
ential affinity, chimeras were made where the C
and D domains were exchanged between IGF-I and
IGF-II either singly or together. The abilities of
these chimeras to bind to, and activate, the IR-A
were investigated. We also investigated the ability
of these chimeras to bind and activate the IR exon
11� isoform (IR-B) and as a positive control, the
IGF-I receptor (IGF-1R). We show that the C do-

main and, to a lesser extent, the D domains repre-
sent the principal determinants of the binding dif-
ferences between IGF-I and IGF-II to IR-A. The C
and D domains of IGF-II promote higher affinity
binding to the IR-A than the equivalent domains of
IGF-I, resulting in an affinity close to that of insulin
for the IR-A. The C and D domains also regulate the
IR-B binding specificity of the IGFs in a similar
manner, although the level of binding for all IGF
ligands to IR-B is lower than to IR-A. In contrast,
the C and D domains of IGF-I allow higher affinity
binding to the IGF-1R than the analogous domains
of IGF-II. Activation of IGF-1R by the chimeras re-
flected their binding affinities whereas the phos-
phorylation of the two IR isoforms was more
complex. (Molecular Endocrinology 18: 2502–2512,
2004)

THE INSULIN RECEPTOR (IR) is a transmembrane
glycoprotein that mediates the pleiotropic actions

of insulin. The myriad of biological roles the IR plays
has been investigated using tissue-specific mouse
knockout studies. Such studies have shown the IR to
be important in neovascularization (1), adipogenesis
(2), pancreatic insulin secretion in response to glucose
(3), glucose disposal in muscle and adipose (4), and
regulation of hepatic glucose synthesis (5). Dysfunc-
tional IRs and/or IR-mediated signaling has been im-
plicated in a wide variety of diseases ranging from type
2 diabetes to cancer, underlying its importance in hu-
man pathology (6–8).

The homodimeric IR exists in two isoforms that arise
from the alternative splicing of exon 11 in the IR mRNA
(9). Exon 11 codes for 12 amino acids (residues 717–
728) that are inserted upstream of the third last residue
of the extracellular �-subunits of the IR-B isoform. The
IR-A (or IR exon 11�) isoform lacks these 12 amino
acids. The presence or absence of the exon 11-en-
coded peptide yields two receptors with unique bio-
chemical properties. Although both isoforms have
similar affinity for insulin, the IR-A binds IGF-II with
more than 10-fold higher affinity than the IR-B (10–12).
The two IR isoforms also display differential kinase
activity (13), and the insulin resistance in skeletal mus-
cle, associated with myotonic dystrophy DM1, has
been suggested to be caused by an increase in the
relative expression of IR-A, the isoform with the lower
kinase activity (14). The IR-A isoform exhibits a more
rapid internalization and higher recycling rate than the
IR-B (15). The isoforms localize to different regions of
the plasma membrane (16) and have been shown to
differentially regulate insulin and �-glucokinase gene
expression via activation of different classes of phos-
phatidylinositol 3-kinase (17). Given the unique prop-
erties of the two isoforms, techniques that change the
IR splicing pattern of a cell have been suggested as
potential therapeutic strategies (18).

Abbreviations: IGF-1R, Type 1 IGF receptor; IGF-I CII,
IGF-I with the C domain from IGF-II; IGF-I DII, IGF-I with the
D domain from IGF-II; IGF-I CIIDII, IGF-I with the C and D
domains from IGF-II; IGF-II CI, IGF-II with the C domain from
IGF-I; IGF-II DI, IGF-II with the D domain from IGF-I; IGF-II
CIDI, IGF-II with the C and D domains from IGF-I; IR-A, insulin
receptor isoform A; IR-B, insulin receptor isoform B; R�IR-A,
R� cells expressing the human IR-A; R�IR-B, R� cells ex-
pressing the human IR-B; TBST, 20 mM Tris, 150 mM NaCl,
0.05% (vol/vol) Tween 20.
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The high-affinity interaction of the IR-A with IGF-II,
but not IGF-I, is important for normal fetal and cancer
cell growth (reviewed in Ref. 19). Mouse knockout
models suggest that whereas the developmental
growth-promoting activities of IGF-I are exclusively
mediated through the IGF-1 receptor (IGF-1R), IGF-II
can stimulate growth via not only the IGF-1R but also
the IR (20). Mouse fibroblasts, devoid of IGF-1R, trans-
fected to express the IR, were stimulated to proliferate
and were protected from apoptosis by insulin and
IGF-II but not IGF-I (21). Cancer cells expressing the
IR-A migrate and are protected from apoptosis by
exposure to IGF-II but not when exposed to the same
level of IGF-I (22). IGF-II is overexpressed by many
cancer cells such as breast cancer (23), colorectal
cancer (24), and sporadic adrenocortical tumors (25)
that also express the IR-A as the predominant IR iso-
form. The expression of the IR-A and IGF-II increases
as thyroid cancer progresses to a more malignant
dedifferentiated phenotype (26). In addition, IGF-II was
as potent as insulin at stimulating ovarian cancer cell
proliferation (27). Collectively, these findings suggest
that IGF-II binding to the IR-A is important in develop-
mental and cancer biology.

To date, the structural regions of IGF-II that deter-
mine its high affinity for the IR-A are unknown and
hence are the focus of our studies. IGF-I and IGF-II are
small, single chain peptide hormones (70 and 67
amino acids, respectively) that are secreted by most
cell types in the human body. The IGF polypeptides
consist of four domains in the following order: B, C, A,
and D. The solution structures of IGF-I (28, 29) and
IGF-II (30, 31) have revealed that the growth factors
share a high degree of structural similarity arising from
a high degree of overall sequence similarity (Fig. 1A).
Both IGF-I and IGF-II are also very similar in structure
to insulin; however, mature insulin lacks both a C and
D domain. In this study we show that the flexible C and
D domains of IGF-I and IGF-II are primarily responsible
for their differential abilities to bind to and activate the
IR-A.

RESULTS

High-Affinity Binding of IGF-II to the IR-A Is
Regulated by Its C and D Domains

A total of six chimeric IGFs were produced to ana-
lyze the effect of the C and D domains on IR-A
binding specificity (Fig. 1B). Structural integrity of
the chimeras was confirmed by IGF binding protein
3 (IGFBP-3) binding on the BIAcore (methods are
described in Ref. 32). All chimeras had similar
IGFBP-3 binding affinities and binding kinetics com-
pared with IGF-I and IGF-II, indicating that swapping
the C and D domains did not result in any global
structural change (data not shown).

The competition binding curves for insulin, IGF-I,
IGF-II, and the six chimeras with the IR-A are shown

in Fig. 2, A and C, with the IC50 values and relative
binding affinities compared with IGF-II listed in Ta-
ble 1. Our results show that the C and D domains of
IGF-II allow high-affinity binding to the IR-A whereas
the IGF-I C and D domains do not. The affinity of
IGF-II for IR-A is almost 7 times higher than that of
IGF-I. The binding characteristics of the chimeras
indicate that this difference is due to the IGF-II C and
D domains. The IGF-I CII chimera has a 1.9-fold
higher binding affinity than IGF-I for IR-A, whereas
the IGF-I DII chimera has a 1.5-fold increase in
affinity. These contributions are additive as the dou-
ble chimera binds IR-A almost as well as IGF-II
(Table 1). In the converse constructs, exchanging

Fig. 1. Sequence Relationship of IGF-I, IGF-II, and Insulin
A, Sequence alignment of human IGF-I, IGF-II, and insulin.

Alignment completed using Clustal W, with the numbering of
amino acids indicated above for IGF-I and below for insulin.
B, Diagrammatic representation of the domain-exchanged
chimeras. Amino acid numbers and molecular weights are
given. Each linear representation is divided into the domain
structure, B, C, A, D, with all IGF-I domains in white and all
IGF-II domains in gray.
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the C or D domains, or both, of IGF-II with those of
IGF-I made the chimeras more IGF-I like; their rela-
tive IR-A binding affinities being 27%, 37%, and
17%, respectively, that of IGF-II. The double chi-
mera IGF-II CIDI has only slightly higher affinity for
the IR-A (1.1-fold) than IGF-I.

The IR-B Binding Specificity of the IGFs Is Also
Regulated by Their C and D Domains

The competition binding curves for insulin, IGF-I, IGF-
II, and the six chimeras with the IR-B are shown in Fig.
2, B and D, with the IC50 values and relative binding

Fig. 2. Competition Binding Curves of Eu-Insulin Binding to Immunopurified Human IR-A or IR-B
Immunocaptured IR-As or IR-Bs were incubated with Eu-insulin in the presence or absence of increasing concentrations of

insulin, IGF-I, IGF-II, or IGF chimeras as described in Materials and Methods. The graphs shown are a representative of three
experiments. A and C, Competition for binding to IR-A; B and D, competition for binding to the IR-B. Results are expressed as
a percentage of Eu-insulin bound in the absence of competing ligand and the data points are means � SEM of triplicate samples.
Errors are shown when greater than the size of the symbols. In panels A and B the ligands are as follows: insulin (�); IGF-II (Œ);
IGF-I (‚); IGF-I CII (E); IGF-I DII (�); IGF-II CI (F); and IGF-II DI (�). In panels C and D ligands are as follows: insulin (�); IGF-II
(Œ); IGF-I (‚); IGF-I CIIDII (�); and IGF-II CIDI (f).

Table 1. Inhibition of Europium-Labeled Insulin for Binding to the IR-A and IR-B by Insulin, IGF-I, IGF-II, and IGF Chimeras

Ligand

IR-A IR-B

IC50 (nM) IC50 Relative to
IGF-II (%) IC50 (nM) IC50 Relative to

IGF-II on IR-A (%)

Insulin 2.8 � 0.3 654 1.4 � 0.1 1300
IGF-II 18.2 � 2.4 100 68 � 11 27
IGF-II DI 49.3 � 12.7 37 194 � 78 9
IGF-II CI 66.3 � 11.2 27 310 � 120 6
IGF-II CIDI 106.0 � 41.3 17 405 � 98 4
IGF-I 120.4 � 34.1 15 366 � 15 5
IGF-I DII 83.2 � 3.0 22 295 � 25 6
IGF-I CII 64.0 � 18.4 28 179 � 12 10
IGF-I CIIDII 19.5 � 8.4 93 44 � 5 41

The IC50 relative to that of IGF-II binding to the IR-A is also shown. Values are the means and � SEM from three independent
experiments.
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affinities compared with IGF-II listed in Table 1. The
data show that insulin binds IR-B with 2-fold higher
affinity than IR-A whereas IGF-I (3-fold), IGF-II (3.7-
fold), and the IGF chimeras (2- to 5-fold) all bind IR-A
better than IR-B. Previous reports on the relative af-
finities of insulin for the two IR isoforms range from
IR-B having higher affinity (33), as reported here, to no
difference in affinity of insulin for either isoform (12,
34), or to the IR-A isoform having the higher insulin
binding affinity (11, 35). Different binding assays and
assay conditions could contribute to this variation. The
presence of the exon 11-encoded residues had more
of a negative effect on IGF-II binding (IC50 IR-A: 18.2
nM vs. IC50 IR-B: 68 nM) than on IGF-I binding (IC50

IR-A: 120.4 nM vs. IC50 IR-B: 366 nM) (Table 1).
Whereas the absolute binding affinities of IGF-I,

IGF-II, and the four single chimeras are lower for IR-B
compared with IR-A, their relative affinities are similar
(Fig. 2B). As summarized in Table 1, the relative order
of binding affinity with the IR-A isoform is IGF-II fol-
lowed by IGF-I CII DII, IGF-II DI, IGF-I CII, IGF-II CI,
IGF-I DII, IGF-II CI DI, and IGF-I. The relative order of
binding affinity for the IR-B isoform is similar but not
identical. In both cases, the four highest affinity li-
gands contain the IGF-II C domain (denoted as CII)
and the four lowest binders contain the IGF-I CI do-
main. Minor differences between the two IR isoforms
are the reversal in the relative positions of the IGF-II DI
and the IGF-I CII ligands with IR-B and the equal
binding of the IGF-II CI and IGF-I DII ligands on IR-B
(equal fifth) compared with their consecutive ranking
(fifth and sixth) on IR-A. In contrast to IR-A, the relative
affinities of the double chimeras with IR-B fall just
outside the range seen with IGF-I and IGF-II. The IGF-I
CIIDII chimera, the smallest of the constructs (64 res-
idues), has a higher affinity than IGF-II for binding the
IR-B whereas the IGF-II CIDI chimera, the largest of
the constructs (73 residues), has a slightly lower affin-
ity than IGF-I for binding the IR-B. The results pre-
sented here show that the C and D domains are re-
sponsible for the higher affinity of IGF-II for IR-B,
compared with IGF-I (Fig. 3).

Phosphorylation of the IR-A and IR-B by
Stimulation with Chimeric IGFs

The data showing the activation of R�IR-A or R�IR-B
cells by insulin, IGF-I, IGF-II, and the two double chi-
meras, IGF-I CIIDII or IGF-II CIDI, are presented in Fig.
4, A and B. As seen with the binding studies (Table 1),
insulin was more potent at inducing phosphorylation
of IR-B (IC50: 4.1 � 0.56 nM) than IR-A (IC50: 18.9 � 5.1
nM) although in this case the relative potency was
4-fold higher not 2-fold. Relative to insulin, IGF-II was
capable of activating both the IR-A and IR-B to only
40% and 7.2%, respectively. This reflected the IGF-II
binding affinity for the IR-A and IR-B relative to insulin.
IGF-I showed only a modest ability to stimulate auto-
phosphorylation of either isoform (Fig. 4, A and B).
Replacing the C and D domains of IGF-II with those of

IGF-I reduced its capacity to activate either IR isoform.
The ability of IGF-I and the IGF-II CIDI chimera to
phosphorylate the IR-A and IR-B is considerably less
than their ability to bind the IR isoforms (Table 1).
Conversely, replacing the C and D domains of IGF-I
with those of IGF-II resulted in an IGF-I-based chimera
that was slightly more active than IGF-II on both IR-A
and IR-B. In line with the binding studies, the ability of
IGF-II to potently activate the IR-A is due to its C and
D domains.

Binding Specificity of the IGFs to IGF-1R Is Also
Regulated by the C and D Domains

The competition binding curves for insulin, IGF-I, IGF-
II, and the six chimeras with IGF-1R are shown in Fig.
5 with the IC50 values and relative binding affinities
compared with IGF-I listed in Table 2. The data show
that IGF-I had the highest affinity for the IGF-1R
whereas insulin bound very poorly (1000-fold lower).
The affinity of IGF-II for the IGF-1R was only 18% that
of IGF-I, and the single chimeras all fell within that
range (Table 2). Replacing the C domain of IGF-I with
that of IGF-II reduced the binding affinity for IGF-IR by
75% to a value only slightly higher than that of IGF-II,
whereas replacing the D domain of IGF-I caused no

Fig. 3. Summary of Relative IR-A, IR-B, and IGF-1R Binding
of Insulin, IGF-I, IGF-II, and IGF Chimeras

In the upper section of the histogram, affinities of all li-
gands for the IR-A as a relative percent of IGF-II binding are
shown in dark gray bars. Affinities of ligands binding to the
IR-B relative to IGF-II binding to the IR-A are shown in open
bars. In the lower section affinities of all ligands for the IGF-1R
as a relative percent IGF-I binding are shown in hatched bars.
SEs are not shown; however, for ligands binding to IR-A, SEs
are between 3.6% and 43%; for IR-B, between 4% and 40%;
and for ligands binding to the IGF-1R, between 25% and
44%; absolute values are listed in Tables 1 and 2.
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reduction in affinity (Table 2). Replacing both the C and
D domains of IGF-I with those of IGF-II resulted in a
chimera that had a lower binding affinity for the IGF-1R
than IGF-II (Table 2). Conversely, incorporating either
the C or D domains of IGF-I into IGF-II resulted in
proteins that were more IGF-I like. In these chimeras,
however, the effects of exchanging either the C do-
main or the D domain were not significantly different,
their binding affinities for IGF-1R being 2.9- and 2.6-
fold higher than that of IGF-II, respectively (Table 2).
The double chimera, IGF-II CIDI, was further improved
and had an affinity that was closer to that of IGF-I (Fig.

5B). A summary of IGF-1R binding by all IGF chimeras
is shown in Fig. 3.

Phosphorylation of the IGF-1R by Stimulation
with Chimeric IGFs

The activation of the human IGF-1R by insulin, IGF-I,
IGF-II, and the six chimeras (Fig. 6, A and B) mirrored
the relative binding affinities. The EC50 for IGF-I acti-
vation of the IGF-1R was 3.9 nM� 0.43 nM. At that
same concentration, IGF-II induced phosphorylation

Fig. 4. Activation of the Human IR Isoforms by Insulin, IGF-
II, IGF-I, or IGF Chimeras

R� cells overexpressing the human IR isoforms were se-
rum starved for 4 h followed by stimulation with various
concentrations of either insulin, IGF-II, IGF-I, or IGF chimeras
for 10 min. Cells were lysed with ice-cold lysis buffer con-
taining phosphatase inhibitors and activated receptors were
immunocaptured with the anti-IR antibody 83-7 as described
in Materials and Methods. Receptor autophosphorylation
was measured by time-resolved fluorescence using Eu-PY20
to detect phosphorylated tyrosines. A, IR-A activation by
insulin, IGF-I, IGF-II, and IGF double chimeras. B, IR-B acti-
vation by insulin, IGF-I, IGF-II, and IGF double chimeras. The
graphs shown are a representative of three experiments, and
data points are means � SEM of triplicate points. Errors are
shown when greater than the size of symbols. The ligands are
as follows: insulin (�); IGF-II (Œ); IGF-I (‚); IGF-I CIIDII (�);
and IGF-II CIDI (f).

Fig. 5. Competition Binding Curves of Eu-IGF-I Binding to
Immunopurified Human IGF-1R

Immunocaptured IGF-1R was incubated with europium-
IGF-I in the presence or absence of increasing concentra-
tions of IGF-I, IGF-II, insulin, or IGF chimeras as described in
Materials and Methods. The graphs shown are a representa-
tive of three experiments. A, Competition for binding to
IGF-1R by IGF-I, IGF-II, insulin, and IGF single chimeras. B,
Competition for binding to the IGF-1R by IGF-I, IGF-II, insulin,
and IGF double chimeras. Results are expressed as a per-
centage of europium-IGF-I bound in the absence of compet-
ing ligand and the data points are means � SEM of triplicate
samples. Errors are shown when greater than the size of the
symbols. The ligands in panel A are as follows: insulin (�);
IGF-II (Œ); IGF-I (‚); IGF-I CII (E); IGF-I DII (�); IGF-II CI (F);
and IGF-II DI (�). Ligands in panel B are: insulin (�); IGF-II
(Œ); IGF-I (‚); IGF-I CIIDII (�); and IGF-II CIDI (f).
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to only 35% that of IGF-I (Fig. 6A). Replacing the D
domain of IGF-I with that of IGF-II had a negligible
effect on IGF-1R phosphorylation, whereas replacing
the C domain had a dramatic effect and reduced the
potency of this IGF-I based chimera to that of IGF-II.
The double chimera, where both the C and D domains
of IGF-I were replaced by those of IGF-II, was even
poorer than IGF-II at inducing IGF-1R phosphoryla-
tion, reflecting the additive effects of these substitu-
tions on IGF-1R binding (Table 2). In the converse
IGF-II-based chimeras, the differential effects on
phosphorylation were greater than those seen in the
binding studies. There was little difference in the in-
crease in IGF-1R binding affinity, relative to IGF-I, be-
tween the IGF-II CI (53%) and IGF-II DI (47%) chimeras
(Table 2); however, the difference was larger in their
ability to stimulate phosphorylation relative to IGF-I
(IGF-II CI: 72% vs. IGF-II DI: 40% at EC50 concentra-
tion of IGF-I). The importance of the IGF-I C domain is
further illustrated by the fact that the double chimera
IGF-II CIDI was only slightly more potent than the
single IGF-II CI chimera (IGF-II CIDI: 73% relative to
IGF-I). These results illustrate the dominant contribu-
tion of the IGF-I C domain to IGF-1R activation.

DISCUSSION

The general view, based on numerous studies with
whole receptors or soluble ectodomains, is that
whereas insulin and IGF-I bind their own receptors
with high affinity, they bind the heterologous receptor
poorly (�2%) (see Ref. 36). In contrast, IGF-II, but not
IGF-I, has been reported to bind the IR-A isoform with
an affinity approaching that of insulin (12). The molec-
ular basis for this differing affinity of IGF-I and IGF-II is
not known. There are 26 sequence differences be-
tween IGF-I and IGF-II (Fig. 1A) with the greatest con-
centration occurring in the C and D domains, making
them prime candidates for this difference in receptor
interactions. The IGF-I C domain is four residues larger
and differs at a further five positions when compared

with the C domain of IGF-II. The D domain of IGF-I is
two residues larger and differs in a further two residues
from the D domain of IGF-II.

Here we report, for the first time, the structural de-
terminants that allow IGF-II to bind to and potently
activate the IR-A. We show that the IGF-II C and D
domains allow an IR-A binding affinity near that of
insulin. The IGF-I C and D domains prevent high af-
finity binding and do not allow potent activation of the
IR-A. In addition, we show that the C and D domains
are also responsible for the higher affinity of IGF-II for

Table 2. Inhibition of Europium-Labeled IGF-I for Binding
to the IGF-1R by Insulin, IGF-I, IGF-II, and IGF Chimeras

Ligand IC50 (nM) IC50 Relative to
IGF-I (%)

Insulin �100 �1
IGF-I 0.8 � 0.2 100
IGF-I DII 0.7 � 0.2 114
IGF-I CII 3.2 � 1.4 25
IGF-I CIIDII 7.4 � 2.6 11
IGF-II 4.4 � 1.1 18
IGF-II DI 1.7 � 0.5 47
IGF-II CI 1.5 � 0.5 53
IGF-II CIDI 1.1 � 0.3 73

The IC50 relative to that of IGF-I is also shown. Values are the
means and � SEM from three independent experiments.

Fig. 6. Activation of the Human IGF-1R by IGF-I, IGF-II, In-
sulin, or IGF Chimeras

P6 cells overexpressing the human IGF-1R were serum
starved for 4 h followed by stimulation with various concen-
trations of either IGF-I, IGF-II, insulin, or IGF chimeras for 10
min. Cells were lysed with ice-cold lysis buffer containing
phosphatase inhibitors, and activated receptors were immu-
nocaptured with the anti-IGF-1R antibody 24-31 as de-
scribed in Materials and Methods. Receptor autophosphor-
ylation was measured by time-resolved fluorescence using
Eu-PY20 to detect phosphorylated tyrosines. A, IGF-1R
phosphorylation by insulin, IGF-I, IGF-II, and IGF single chi-
meras. B, IGF-1R phosphorylation by insulin, IGF-I, IGF-II,
and IGF double chimeras. The graphs shown are a represen-
tative of three experiments, and data points are means � SEM

of triplicate points. Errors are shown when greater than the
size of symbols. The ligands in panel A are as follows: insulin
(�); IGF-II (Œ); IGF-I (‚); IGF-I CII (E); IGF-I DII (�); IGF-II CI
(F); IGF-II DI (�). B, Insulin (�); IGF-II (Œ); IGF-I (‚); IGF-I
CIIDII (�); and IGF-II CIDI (f).
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the IR-B compared with IGF-I, although the affinities
seen with IR-B are lower than those seen with IR-A.
For completeness we studied the interactions of these
chimeras with the IGF-1R and confirmed previous ob-
servations (37) that residues in the C and D domains of
IGF-I and IGF-II contribute to IGF-1R binding speci-
ficity and play a role in IGF-1R binding and activation.

In this study we report the generation of the first
whole-domain chimeras of IGF-I and IGF-II, which
have allowed us to investigate the roles of the C and D
domains of IGF-I and IGF-II in receptor-binding spec-
ificity. As shown in Fig. 3 the C domains and, to a
lesser extent, the D domains of the IGFs make major
contributions to the IGF binding specificity to the IR
isoforms and the IGF-1R. The binding of all of these
chimeras to the IR-B isoform is lower than to the IR-A,
but the relative trends are similar. The four best bind-
ers to both IR isoforms contain the C domain from
IGF-II whereas the four ligands that contain the C
domain from IGF-I are the worst binders for both iso-
forms (Fig. 3). The IGF-1R binding affinities of the IGFs
studied here in general show the opposite trend to that
seen with the IR isoforms, with IGF-I the best ligand
and IGF-II much poorer (Fig. 3). These results indicate
that the C and D domains of IGF-I and IGF-II play
opposing roles in regulating binding specificity to the
IR and IGF-1R. Whereas the B and A domains of IGF-I
and IGF-II do not appear to be as important in regu-
lating receptor binding specificity, they do make crit-
ical contributions to the free energy of receptor bind-
ing (38, 39).

It has been reported that the presence of the exon
11-encoded amino acids has little (11, 35) or no effect
(12, 34) on insulin binding. Despite this relatively small
effect on insulin binding affinity, alanine scanning of
the proposed insulin-binding site on both IR isoforms
has revealed differences in the energetic contribution
of common receptor side chains in the two receptor
isoforms (33). This suggests subtly different modes of
insulin binding and also that there is significant ac-
commodation for structural differences induced by the
extra 12 amino acids to allow almost equal binding
affinities for insulin. In this report we show that the
presence of the exon 11-encoded sequence does
have a significant influence on the binding of IGF-II (12,
40), the single and double chimeras, and IGF-I (Fig. 3).
We show for the first time that the presence of the
exon 11 peptide has a greater negative effect on IGF-II
binding (3.7-fold reduction) than on IGF-I binding (3-
fold reduction). However, the absolute affinity of IR-B
for IGF-II is still higher than that of IR-A for IGF-I
(Table 1).

The 16 amino acids at the C terminus of the IR
�-subunits, residues 704–719 in IR-A, are essential for
ligand binding as shown by chemical cross-linking
(41), mutagenesis, and receptor minimization studies
(42–45). In the IR-B, the exon 11-encoded region,
which has a negative effect on IGF binding but not on
insulin binding, is directly C terminal of these 16 amino
acids and may exert its effects by sterically interfering

with residues/regions of the IGF molecule that are not
present in insulin. Further studies are needed to de-
termine whether IGF-I or IGF-II directly interacts with
the exon 11-encoded amino acids. The larger size of
the C and D domains of IGF-I may be important in
regulating IR binding specificity. The C domain of IGF-I
forms a large wedge shape (46) and is four amino
acids longer than the IGF-II C domain. The D domain
of IGF-I contains two more amino acids, compared
with the IGF-II D domain. To determine the nature of
these size differences, molecular threading was used
to model the structure of IGF-II CI. This allows a com-
parison of the IGF-II and IGF-I C domains to be made
(Fig. 7). The most striking difference is the increased
volume of the IGF-I C domain, reflecting the presence
of the four extra amino acids not present in the IGF-II
C domain. Specifically annotated in the IGF-I C do-
main are Tyr 31 and Pro 39 with no equivalent residues
in the IGF-II C domain. These residues may be steri-
cally hindering the IGF-I C domain interaction with the
IR. Supporting our hypothesis is the observation that
when the IGF-I C domain was shortened from the
native 12 amino acids in two-amino acid decrements
to an ultimate length of six amino acids, in a two-chain
IGF, the IR binding affinity increased (47).

There are some contradictions in the literature that
would suggest that size alone may not be the deter-
minant of IR binding specificity. Kristensen et al. (48)
demonstrated that inserting the 12-amino acid C do-
main of IGF-I into insulin to form a single-chain hybrid
did not affect IR binding; however Chang et al. (49)
showed proinsulin, with a 31-amino acid C peptide,
binds poorly to the IR. A sequence comparison be-
tween IGF-I and IGF-II reveals several charge differ-
ences between the IGF-I and IGF-II C and D domains
that may influence binding.

In conclusion, we have determined the domains of
IGF-II that allow it to bind and activate the IR-A with

Fig. 7. Comparison of the C Domains of IGF-II and IGF-I
A ribbon representation of the nuclear magnetic resonance

(NMR) structure of IGF-II with the C domain in surface mode
is shown on the left. A model of IGF-II CI is shown on the
right. The sequence of IGF-II CI was entered into SWISS-
MODEL (http://www.expasy.org/swissmod/SWISS-MODEL.
html) and threaded through the backbone of IGF-II using
coordinates from the NMR structure (31). The C domain of
IGF-II CI is highlighted in surface mode.
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high affinity. We are currently investigating both do-
main size and the role of specific residues in the C
and D domains in determining IR-A binding speci-
ficity. In addition, we are investigating the signaling
pathways initiated by IGF-II binding to the IR-A to
further define the biological significance of this
interaction in cancer. Clearly, a structure of the
receptor-ligand complex will ultimately be needed
to reveal the molecular details of the high-affinity
IGF-II/IR-A interaction.

MATERIALS AND METHODS

Materials

Oligonucleotides were purchased from Geneworks Pty Ltd.
(Adelaide, South Australia). Restriction enzymes were from
New England Biolabs (Hitchin, UK) or Geneworks Pty Ltd.
Long Arg3IGF-I and human IGF-I were purchased from
GroPep Pty Ltd (Adelaide, South Australia). pGEM-T-Easy
Vector system was purchased from Promega Corp. (Madi-
son, WI). Greiner Lumitrac 600 96-well plates were from
Omega Scientific (Tarzana, CA). Human insulin was pur-
chased from Novo Nordisk (Bagsværd, Denmark). DELFIA
Eu-labeling kit, DELFIA enhancement solution, and eu-
ropium-conjugated antiphosphotyrosine antibody PY20 were
purchased from PerkinElmer (Turku, Finland). Antibodies
83-7 and 24-31 were kind gifts from Professor K. Siddle
(Cambridge, UK). P6 cells (BALB/c3T3 cells overexpressing
the human IGF-1R) (50) and R� cells (mouse 3T3-like cells
with a targeted ablation of the IGF-1R gene) (51) were a kind
gift from Professor R. Baserga (Philadelphia, PA).

Construction of Expression Plasmids Encoding Human
IGF-I and IGF-II Chimeras

The chimeras generated are shown in Fig. 1B. They were
constructed in halves using two sets of two large comple-
mentary template primers (Supplemental Table I published as
supplemental data on The Endocrine Society’s Journals On-
line web site at http://mend.endojournals.org). A PCR con-
taining gel-purified template primers and two amplification
primers (Supplemental Table II published as supplemental
data on The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org) was used to generate each
half, which was subsequently TA cloned into the pGEM-T-
Easy Vector and then subcloned into the pGH(1–11) expres-
sion vector (52). Chimeric IGFs were expressed in Escherichia
coli JM101 after isopropyl �-D-thiogalactoside induction. In-
clusion bodies were isolated as described by King et al. (52).
Double chimeras were created by ligating appropriate frag-
ments digested from TA cloned vectors into the pGH(1–11)
expression vector.

Purification of IGF Chimeras

The procedures for purification of IGF-I, IGF-II, and the six
IGF chimeras shown in Fig. 1B were similar to those reported
previously (53, 54). All purified proteins were analyzed by
mass spectroscopy and N-terminal sequencing and were
shown to have the correct masses and to be greater than
95% pure. Quantitation of chimeras was performed by com-
paring analytical C4 HPLC profiles with profiles of standard
Long Arg3IGF-I preparations (55).

Construction of Cells Expressing the IR-A and
IR-B Isoforms

The cDNA encoding the human IR-A and IR-B isoforms was
generated as described previously (56, 57). The pECE:hIR-A
and hIR-B plasmids were restricted with SalI and XbaI to
release a 2.9-kb fragment containing the insulin receptor and
ligated to XhoI/XbaI cut pEFIRESneo (58). The exon 11 status
of the constructs was confirmed by PCR analysis. R� cells
were transfected with the constructs using Lipofectamine�
(Life Technologies, Inc., Gaithersburg, MD), and stably trans-
fected cells were screened for the IR cDNA by PCR analysis
and for IR expression by fluorescence-activated cell sorting
analysis using the monoclonal anti-IR antibody 83-7. Cells
expressing human IR underwent single-cell sorting to isolate
cells expressing similar levels of receptors. These clonal cell
lines were used in all subsequent experiments. R� cells ex-
pressing the human IR-A are designated R�IR-A, and R�

cells expressing the human IR-B are designated R�IR-B.

Binding Analysis of Chimeras to IR Isoforms
and IGF-1R

Receptor binding affinities were measured using an assay
similar to that measuring epidermal growth factor binding to
the epidermal growth factor receptor (59). R�IR-A, R�IR-B,
and P6 cells were used as sources of IR-A, IR-B, and IGF-1R,
respectively. Cells were lysed with lysis buffer [20 mM

HEPES, 150 mM NaCl, 1.5 mM MgCl2, 10% (vol/vol) glycerol,
1% (vol/vol) Triton X-100, 1 mM EGTA (pH 7.5)] for 1 h at 4 C.
Lysates were centrifuged for 10 min at 3500 rpm and then
100 �l was added per well to a white Greiner Lumitrac 600
plate previously coated with anti-IR antibody 83-7 (60) or
anti-IGF-1R antibody 24-31 (61). Neither capture antibody
interferes with receptor binding by insulin, IGF-I (60, 61), or
IGF-II (Cosgrove, L. J., unpublished results).

Europium-labeled receptor grade human insulin and hu-
man IGF-I were prepared as instructed by the manufacturer
(DELFIA Eu-labeling kit, Perkin Elmer). Briefly, 0.43 mM pep-
tide was incubated with 2 mM labeling reagent in a 30-�l
reaction (0.1 M Na2CO3, pH 8.5), at 4 C for 2 d. The reaction
was terminated with 0.05 M Tris-HCl, 0.15 M NaCl (pH 7.5),
and unbound europium was removed by size exclusion chro-
matography in the termination buffer (Superdex 75, Amer-
sham Pharmacia Biotech, Uppsala, Sweden). Approximately
100,000 fluorescent counts of europium-labeled insulin or
europium-labeled IGF-I were added to each well along with
various amounts of unlabeled competitor and incubated for
16 h at 4 C. Wells were washed with 20 mM Tris, 150 mM

NaCl, 0.05% (vol/vol) Tween 20 (TBST), and DELFIA en-
hancement solution (100 �l/well) was added. Time-resolved
fluorescence was measured using 340-nm excitation and
612-nm emission filters with a Polarstar Fluorimeter (BMG
Lab Technologies, Mornington, Australia). IC50 values were
calculated, using Prism 3.03, by curve-fitting with a one-site
competition model. The baseline used to calculate all IC50
values was set at the % bound/total value of the highest
competing insulin concentration.

IR and IGF-1R Phosphorylation Assays

Receptor phosphorylation was detected essentially as de-
scribed by Chen et al. (62). R�IR-A, R�IR-B cells, or P6 cells
were plated in a Falcon 96-well flat-bottom plate at 2.5 � 104

cells per well and grown overnight at 37 C, 5% CO2. Cells
were washed for 4 h in serum-free medium before being
treated with one of either insulin, IGF-II, IGF-II, or chimera in
100 �l DMEM with 1% BSA for 10 min at 37 C, 5% CO2. Lysis
buffer containing 2 mM Na3VO4 and 1 mg/ml NaF was added
to cells, and receptors from lysates were captured on 96-well
plates precoated with antibody 83-7 or 24-31 and blocked
with 1� TBST/0.5% BSA. After overnight incubation at 4 C,
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the plates were washed with 1� TBST. Phosphorylated re-
ceptor was detected with europium-labeled antiphosphoty-
rosine antibody PY20 (130 ng/well, room temperature, 2 h).
DELFIA enhancement solution (100 �l/well) was added, and
time-resolved fluorescence was detected as described
above.
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