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Abstract

Insulin-like growth factor (IGF)-I and -II function in normal physiology to control growth, development, and differentiation, but are
also important in pathophysiological conditions, particularly in cancer. The biological effects of the IGFs are mediated by the IGF-I
receptor (IGFR), a covalent homodimer composed of two alpha and two beta chains, similar in structure to the insulin receptor (IR). To
allow measurement of the stimulation of IGFR in living cells, we developed an assay based on bioluminescence resonance energy transfer
(BRET) between a donor molecule, Renilla luciferase, and an acceptor fluorophore, enhanced yellow fluorescent protein (EYFP). Initial
attempts based on fusion of the luciferase to IGFR, and EYFP to IGFR, or to downstream signaling molecules, insulin receptor substrate-1
(IRS1) or protein tyrosine phosphatases-1B (PTP-1B), failed. However, similar experiments with IR, carried our in parallel, proved
successful. We therefore, constructed assays based on chimeric IGFR/IR proteins, in which the ligand binding site was derived from IGFR.
With the most efficient assay, in which the luciferase is fused to a chimeric receptor with the entire intracellular portion derived from IR,
and EYFP fused to PTP-1B, IGF activity was measured specifically with sensitivity similar to the corresponding assay for insulin, based
on IR. The established system allows efficient evaluation of candidate ligand- or receptor-directed molecules for the modulation of IGF
activities. Furthermore, we demonstrate that a set of inhibitory IGF binding proteins (IGFBPs) or activating IGFBP-specific proteinases,
unique to the IGF system, may serve as potential targets. In addition to screening, real-time measurement of IGFR stimulation may be

important in efforts to understand the kinetics of receptor stimulation, in particular differences between IGFR and IR.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The insulin-like growth factors (IGF-I and -II) are ubi-
quitously expressed single-chain polypepides of 70 and 67
residues, respectively, homologous to the hormone insulin
[1]. Unlike insulin, which plays a pivotal role in metabolic
regulation, the IGFs function in normal physiology to con-
trol growth, development, and differentiation of cells [2].

However, IGF signaling is also involved in pathophy-
siological conditions. In particular, considerable evidence
has recently accumulated to demonstrate the involvement
of IGF signaling in development and progression of many
different types of cancer. Individuals with elevated circu-
lating levels of IGF have an increased risk of developing
certain cancers, and IGFs are synthesized by tumor cells to
possibly function in an autocrine manner [3-6]. It is
therefore desirable to control the biological activities of
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the IGFs, either directly by the interference with receptor
ligation, or by interference with downstream signaling, and
such strategies for the prevention and treatment of cancer
are being developed [7-10].

The biological effects of IGF-I and -II are mediated by
the IGF-I receptor (IGFR), which belongs to the receptor
tyrosine kinase (RTK) superfamily (Fig. 1A). During its
biosynthesis, a single polypeptide is cleaved into an
N-terminal o-subunit and a C-terminal 3-subunit, which
forms the final a2B2 structure with all four polypeptide
chains held together by disulfide bonds. The two a-sub-
units form a single ligand binding site, and the transmem-
brane [3-subunit harbors the intracellular tyrosine kinase
domain which becomes autophosphorylated upon ligand
binding [7]. The insulin receptor (IR) is similar in structure
and shows 58% overall sequence identity with IGFR.
There are two isoforms of IR, which differ by the absence
(IR-A) or the presence (IR-B) of a 12-residue stretch in the
C-ternimal end of the a-subunit, corresponding to exon 11
[11].
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Fig. 1. The BRET methodology applied to IGFR. (A) Schematic representa-
tion of the unprocessed 1367-residue IGFR precursor. The N-terminus, the C-
terminus, the signal peptide, the position of cleavage during receptor matura-
tion, the membrane spanning region, and the kinase domain are indicated. The
figure is drawn to scale. (B) When cells are co-transfected with cDNA
encoding IGFR fused to the Renilla luciferase (RLuc) and enhanced yellow
fluorescent protein (EYFP), respectively, half of the recombinant receptors
will be mixed, as depicted. Three disulfide bonds are indicated as lines
between the bars, and one predicted site of autophosphorylation is marked
with a P. First, upon the addition of the RLuc substrate coelenterazine h
(CLZN-h) to transfected cells, light at 480 nm is emitted (left). Second, upon
receptor stimulation with IGF, conformational changes in the receptor are
believed to occur (right). These changes are hypothesized to bring the RLuc
and EYFP domains in closer proximity to each other, causing the transfer of
excited-state energy from RLuc (the donor) to EYFP (the acceptor), and in
turn an increase in emission of light at 527 nm from EYFP. Based on
measurement of the emitted light at the two different wavelengths, the BRET
ratio, proportional to the degree of receptor stimulation, is calculated.

The tyrosine kinase domains of IGFR and IR have several
known, common substrates, including insulin receptor sub-
strates-1 (IRS1), that mediate further progression of the
signaling cascades [12]. There are also known differences in
the signaling pathways, but details of how differential effects
are mediated by the two receptors are still not clear [2,13]. It
is generally believed that the activities of RTK receptors are
negatively regulated by protein tyrosine phosphatases
(PTPs). One such phosphatase, PTP-1B, has been shown
to interact directly with both IGFR [14] and IR [15].

Unlike insulin, the IGFs are regulated by a set of six
binding proteins (IGFBP-1 to IGFBP-6) which bind the
IGFs with higher affinities than IGFR and thus, antagonize
IGF activity [3]. The IGFBPs, in turn, are also subject to
regulation, including proteolytic cleavage, which causes
release of bound IGF [3]. Hence, control of IGF activity,
whether physiologic or therapeutic, can possibly also be
exerted by the interference with the release of IGF inacti-
vated by IGFBPs.

We have developed an assay based on bioluminescence
resonance energy transfer (BRET) that allows measure-

ment of IGF activity in living cells. The established system
allows efficient screening for molecules which modulate
IGF activities. In addition, it may facilitate the biochemical
study of IGF release from IGFBP-IGF complexes in
proximity to the cell surface.

2. Materials and methods
2.1. Plasmid constructs
The following plasmids were constructed (Table 1).

2.1.1. pIGFR

The cDNA encoding human IGFR (nt 46-4149, acces-
sion number NM_000875; contained in pMJ-475, provided
by C. Kristensen, Novo Nordic), was excised with BamHI
and cloned into the BamHI site of pcDNA3.1(+) (Invitro-
gen) to generate pIGFR.

2.1.2. pIGFR-RLuc

For removal of the stop codon of the IGFR ¢cDNA, and
for fusion of its IGFR C-terminus to RLuc (i.e. in-frame
fusion), a PCR fragment was generated using the primers
5'-GTGAGAGGATTGAGTTTCTC-3' (nt. 3171-3189 of
IGFR) and 5'-ACTGGGATCCGCAGGTCGAAGACTG-
GGGCAGC-3' (nt 4146-4125, added BamHI site is
underlined), and pIGFR as the template. The HindIIl-
BamHI fragment of the PCR product was ligated with
the BamHI-HindIIl fragment of pIGFR into the BamHI
site of pRluc-N2 (BioSignal Packard), to generate pIGFR—
RLuc.

2.1.3. pIGFR-EYFP

For in-frame fusion of the IGFR C-terminus to EYFP, a
PCR fragment was generated using the primers 5'-GTGA-
GAGGATTGAGTTTCTC-3’ (nt. 3171-3189 of IGFR) and
5'-ACTGGGATCCCGGCAGGTCGAAGACTGGGGCA-
GC-3' (nt 4146-4125, added BamHI site is underlined,
and nucleotides added for in-frame coding are shown in
bold), and pIGFR as the template. The HindIII-BamHI
fragment of the PCR product was ligated with the Bam-
HI-HindIIl fragment of pIGFR into the BamHI site of
pEYFP-N1 (BD Biosciences, Clontech), to generate
pIGFR-EYFP.

2.1.4. pIRSI-EYFP

mRNA was isolated from human liver, and two PCR
fragments covering the entire cDNA sequence of human
IRS1 (nt 1021-4749, accession number NM_005544) were
generated using oligo-dT-primed cDNA as the templates.
The first PCR fragment was generated using the primers
5'-GTACAAGCTTATGGCGAGCCCTCCGGAGAGC-3
(nt 1021-1041, added HindIlI site underlined) and 5'-GC-
CCCTTGCCACCCATGCAGAT-3’ (nt 2437-2416). The
second fragment was generated using the primers 5'-
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Table 1
IGFR and IR expression constructs prepared for BRET analysis

Expression plasmid Description®

Linker sequenceb

pIGFR Plasmid encodes human IGFR (res. 1-1367). None

Vector: pcDNA3.1(+)

pIGFR-RLuc Plasmid encodes human IGFR (res. 1-1367) GSPPARAT
C-terminally fused to RLuc. Vector: pRluc-N2

pIGFR-EYFP Plasmid encodes human IGFR (res. 1-1367) RDPPVAT
C-terminally fused to EYFP. Vector: pEYFP-N1

pIRS1-EYFP Plasmid encodes human IRS1 (res. 1-1242) RDPPVAT
C-terminally fused to EYFP. Vector: pEYFP-N1

ptr-IRS1-EYFP Plasmid encodes a truncated IRS1 variant RDPPVAT
(res. 1-262) C-terminally fused to EYFP. Vector: pPEYFP-N1

pEYFP-PTP-1B Plasmid encodes human PTP-1B (res. 1-435) KLGTELGS
N-terminally fused to EYFP. Vector: pcDNA3.1(+)

pEYFP-PTP-1B(D181A) Plasmid is a mutated variant of pEYFP-PTP-1B, KLGTELGS
in which Asp-181 is mutated to Ala. Vector: pcDNA3.1(+)

pIR-B-RLuc Plasmid encodes human IR-B (res. 1-1382) GSPPARAT
C-terminally fused to RLuc. Vector: pRluc-N3

pIR-B-EYFP Plasmid encodes human IR-B (res. 1-1382) RDPPVAT
C-terminally fused to EYFP. Vector: pEYFP-N1

pIR-A-RLuc Plasmid encodes human IR-A (res. 1-1382, excl. 744-755 GSPPARAT
corresponding to exon 11) C-terminally fused to RLuc. Vector: pRIuc-N3

pIR-A-EYFP Plasmid encodes human IR-A (res. 1-1382, excl. 744-755 RDPPVAT
corresponding to exon 11) C-terminally fused to EYFP. Vector: pEYFP-N1

pCHI1 Plasmid encodes a chimeric receptor, IGFR(1-740)-IR-B(763-1382), GSPPARAT
C-terminally fused to RLuc. Vector: pRluc-N2

pCH2 Plasmid encodes a chimeric receptor, IGFR(1-936)-IR-B(957-1382), GSPPARAT
C-terminally fused to RLuc. Vector: pRluc-N2

pCH3 Plasmid encodes a chimeric receptor, IGFR(1-1274)-IR-B(1299-1382), GSPPARAT
C-terminally fused to RLuc. Vector: pRluc-N2

pCH1-EYFP Plasmid encodes a chimeric receptor, IGFR(1-740)-IR-B(763-1382), RDPPVAT
C-terminally fused to EYFP. Vector: pPEYFP-N1

pCH2-EYFP Plasmid encodes a chimeric receptor, IGFR(1-936)-IR-B(957-1382), RDPPVAT
C-terminally fused to EYFP. Vector: pEYFP-N1

pCH3-EYFP Plasmid encodes a chimeric receptor, IGFR(1-1274)-IR-B(1299-1382), RDPPVAT

C-terminally fused to EYFP. Vector: pPEYFP-N1

? Numbering of amino acid sequences is according to the database accession numbers P0O8069 (IGFR), P06213 (IR-A and -B), NM_005544 (IRS1), and

NM_002827 (PTP-1B).
 Amino acid sequences of linkers are given by one-letter code.

CGGATTCCCTGGGCCACACCC-3’ (nt 2360-2380) and
5'-GTACGGATCCCGCTGACGGTCCTCTGGTCTGCT-
TC-3' (nt 4746-4725, added BamHI site underlined, and
nucleotides added for in-frame coding are shown in bold).
The HindIlI-Sacll fragment of the first PCR and the appr.
2350 nt Sacll-BamHI fragment of the second PCR were
ligated together into the HindIIl/BamHI sites of pEYFP-
N1, to generate pIRS1-EYFP, encoding wild-type IRS1
(1242 residues) fused to EYFP.

2.1.5. ptr-IRSI-EYFP

A PCR product was generated using the primers 5'-
GTACAAGCTTATGGCGAGCCCTCCGGAGAG-3' (nt
1021-1041, HindIIl site underlined) and 5-GTCAG-
GATCCCGCTGGCTCTTGCTGCGAGGGCGGA-3' (nt
1833-1811, BamHI site underlined, and nucleotides added
for in-frame coding are shown in bold) and pIRS1-EYFP
as the template. The HindlII-BamHI fragment of this
product was cloned into the HindIll/BamHI sites of
pEYFP-NI, to generate ptr-IRS1-EYFP encoding residues
1-262 of IRS1 fused to EYFP.

2.1.6. pEYFP-PTP-1B

A PCR fragment encoding EYFP was generated using
the primers 5'-GCACGCTAGCATGGTGAGCAAGGGC-
GAGGAGC-3' (nt 679-700 of pEYFP-N1, added Nhel site
underlined) and 5'-GCACAAGCTTTGATCTAGAGTC-
GCGGCCGCTTTAC-3' (nt 1396-1372 of pEYFP-NI,
added HindIll site underlined) and pEYFP-N1 as the
template. The fragment was cloned into the the Nhel/
HindIll sites of pcDNA3.1(+), to generate pcDNA3.1-
EYFP. mRNA was isolated from human placenta, and a
PCR fragments covering the entire cDNA sequence of
human PTP-1B (nt 175-1482 of accession number
NM_002827) was generated using oligo-dT-primed cDNA
as the template, and the primers 5'-CTGAGGATCCATG-
GAGATGGAAAAGGAGTTCGAGC-3' (175-199, added
BamHI site underlined) and 5-GCTAGAATTCCT-
ATGTGTTGCTGTTGAACAGGAACC-3'  (1479-1456,
added EcoRI site underlined). The PCR product was
digested with BamHI/EcoRI and cloned into pcDNA3.1-
EYFP, to generate pEYFP-PTP-1B, in which the linker
is encoded by the sequence between the HindIll
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and the BamHI sites of the pcDNA3.1(+) multiple cloning
site.

2.1.7. pEYFP-PTP-IB(DIS8IA)

A mutation (D181A) was introduced into PTP-1B of
pEYFP-PTP-1B using overlap extension PCR [16]. PTP-
1B cloning primers (see above) were used as outer primers,
and inner primers were 5-GGACTCCAAAGGCAGGC-
CATGTGGTAT-3' (nt 727-701, the mutated nucleotide is
underlined) and 5'-CACATGGCCTGCCTTTGGAGTC-
CCTG-3' (nt 705-730, the mutated nucleotide is under-
lined). The mutated PCR fragment was swapped onto
pEYFP-PTP-1B, to generate pEYFP-PTP-1B(D181A).

2.1.8. pIR-B-RLuc and pIR-B-EYFP

The c¢cDNA encoding human IR-B (nt 139-4287 of
accession number M10051 with the following deviation:
H171Y, T448I, and K492Q); contained in pIM-907, pro-
vided by A.S. Andersen, Novo Nordic). A PCR fragment
covering the entire coding sequence was generated with the
primers 5’-GTCAAAGCTTATGGGCACCGGGGGCCG-
GCGGGG 3’ (nt 139-161, added HindIII site underlined)
and 5'- TGACGGATCCCGGGAAGGATTGGACCGAG-
GCAAGGT-3' (nt 4284-4261, added BamHI site is under-
lined, and nucleotides added for in-frame coding are shown
in bold), using pIM-907 as the template. The HindIII-
BamHI fragment of the PCR product was excised and
cloned into the HindIlll/BamHI sites of pRluc-N3 (Bio-
Signal Packard), to generate pIR-B-RLuc, and into the
HindIIl/BamHI sites of pEYFP-N1, to generate pIR-B-
EYFP.

2.1.9. pIR-A-RLuc and pIR-A-EYFP

The cDNA encoding human IR-A (nt 139-4287 of
accession number M10051 with the following deviations:
A deletion of nucleotides corresponding to exon 11,
encoding R(744)KTSSGTGAEDP, and the variation
H171Y, T448I, and K492Q); contained in pRiSI-288, pro-
vided by A.S. Andersen, Novo Nordic). Using pRiSI-288
as a template, a PCR fragment was generated with the
primers used for pIR-B-RLuc and pIR-B-EYFP, which was
cloned similarly into pRIluc-N3 and pEYFP-N1, to gen-
erate pIR-A-RLuc and pIR-A-EYFP, respectively.

2.1.10. pCHI-3

For the generation of IGFR-IR-B chimeric receptors,
the Kpnl-BamHI fragment of pIGFR-RLuc, correspond-
ing to IGFR residues 512-1367 (numbering of the IGFR
protein sequence is according to accession number
P08069) was swapped with chimeric sequences gener-
ated by overlap extension PCR using the outer primers 5'-
CACCTCCACCACCACGTCGAAG-3' (nt. 1530-1551)
and 5-TGACGGATCCCGGGAAGGATTGGACCGAG-
GCAAGGT-3' (cloning primer used for the generation of
pIR-B-RLuc and pIR-B-EYFP. Three sets of inner pri-
mers (5-CAACATCGCCAAGGGATCTCCGCTTCCT-

TTCAGGTC-3' and 5'-GAAAGGAAGCGGAGATCC-
CTTGGCGATGTTGGGAATG-3'; 5'-GGGGCCGATG-
ATAATATGGATGAAGTTTTCATATCC-3" and 5'-GA-
TATGAAAACTTCATCCATATTATCATCGGCCCCCT-
CATC-3’; 5'-GAAGAACGACACCTCTGGGAAGCC-
AGGCTCCATCTCCTCT-3' and 5'-GATGGAGCCT-
GGCTTCCCAGAGGTGTCGTTCTTCCAC-3')  were
used for the generation of pCHI (IGFR residues 1-
740, IR-B residues 763-1382; numbering of the IR-B
protein sequence is according to accession number
P06213), pCH2 (IGFR residues 1-936, IR-B residues
957-1382), and pCH3 (IGFR residues 1-1274, IR-B
residues 1299-1382). Similarly, chimeric PCR fragments
(primers not shown) were swapped into pIGFR-EYFP, to
generate pCH1-EYFP, pCH2-EYFP, and pCH3-EYFP, to
be used for fluorescent images only.

An expression construct encoding the 291-residue
human IGFBP-3 (accession number X64875) was prepared
from human liver oligo-dT-primed cDNA. Specific primers
containing a Kpnl site (5-TGCAGGTACCATGCAG-
CGGGCGCGACCCA-3, nt 133-151) and an Xhol site
(5’-GTACCTCGAGCTTGCTCTGCATGCTGTAGCA-3,
nt 1005-985) were used to generate a PCR product which
was cloned into the Kpnl/Xhol sites of pcDNA3.1/Myc-
His(+)A (Invitrogen), to generate pBP3mH.

All PCRs were carried out using Pfu DNA polymerase
(Promega), and all constructs were verified by sequence
analysis.

2.2. Cell culture, transfection

Human embryonic kidney 293T cells (293tsA1609neo)
[17] were maintained in high glucose DMEM medium
supplemented with 10% fetal bovine serum, 2 mM gluta-
mine, nonessential amino acids, and gentamicin (Invitro-
gen). Cells were plated onto 6 cm tissue culture dishes, and
were transfected 18 h later by calcium phosphate co-pre-
cipitation using 10 g of plasmid DNA [18]. After 24 h,
cells were replated onto 96-well plates (CulturPlate-96,
White, Perkin-Elmer) (100,000 cells per well) and further
incubated for 24 h before BRET analysis. For analysis by
Western blotting, cells were replated after 24 h onto 24-
well plates (500,000 cells per well), incubated for another
24 h, and then stimulated with 10 nM IGF-I or insulin for
10 min. Stimulated cells were lysed on ice with 50 mM
Hepes pH 7.9, 150 mM sodium chloride, 10 mM EDTA,
1% Triton-X-100, 4 mM sodium orthovanadate, 10 mM
sodium fluoride, supplemented with PMSF (1 mM), leu-
peptin (2 pg/mL), aprotinin (2 pg/mL), and iodacetamide
(100 uM) for 10 min. The lysates were cleared by cen-
trifugation for 20 min at 4 °C.

2.3. Western blotting

For immunovisualization of phosphorylated IGFR or IR,
lysates were separated by reducing SDS-PAGE (10-20%
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Tris—glycine gels), and blotted onto a polyvinylidene
difluoride membrane (Millipore). The blots were blocked
with 2% Tween 20, equilibrated in 50 mM Tris—HCI,
500 mM NaCl, 0.1% Tween 20, pH 9.0 (TST), and then
incubated overnight at room temperature with primary
antibody, a mouse monoclonal antibody against phospho-
tyrosine, PY99 (Santa Cruz) diluted 1:1000 in TST con-
taining 1% fetal bovine serum. Blots were washed in TST,
and further incubated for lh at room temperature with
peroxidase-conjugated secondary antibody (P0260,
DAKO) diluted 1:2000 in TST, and then washed again
with TST. The blots were developed using enhanced
chemiluminescence (ECL, Amersham), and images were
captured with a KODAK Image Station 1000. Equal
amounts of recombinant receptors were loaded based on
comparison of expression using a monoclonal against the
IGFR B-subunit, CT-1 (Gropep).

2.4. Bioluminescence resonance energy transfer
assay in living cells

Transfected cells were replated onto 96-well plates 24 h
before analysis. The cells were washed gently in 20 mM
sodium phosphate, pH 7.4, 130 mM sodium chloride,
supplemented with calcium chloride (0.1 mg/L), magne-
sium chloride (0.1 mg/L), and glucose (1 g/L) (buffer A).
Twenty min before measurement, 5 wl coelenterazine h
(Sigma) was added from a working stock solution of
50 uM in buffer A, to a final concentration of 5 uM.
The BRET reading was conducted on a POLARSstar
Optima (BMG Labtechnologies) instrument equipped with
a475/30 nm filter for measurement of the luciferase signal,
and a 535/30 nm filter for measurement of the EYFP
signal. The BRET signals were acquired for 1 min prior
to stimulation with recombinant human IGF-I and IGF-II
(both receptor grade, Diagnostic Systems Laboratories), or
with recombinant human insulin (a gift from C. Kristensen,
Novo Nordic). Volumes of 10 pL. were automatically
injected from stock solutions in buffer A to a final con-
centration of 3-50 nM. Following stimulation, readings
were continued for 5 min. BRET ratios were calculated as
[(emission at 535/30 nm)—(emission at 475/30 nm) x cf]/
[emission at 475/30 nm], where cf = (emission at 535/
30 nm)/(emission at 475/30 nm) for cells transfected with
the appropriate RLuc construct alone (measured values of
cf were approx. 0.3) [19]. BRET ratios were plotted as a
function of time. For comparison of constructs and for
measurement of dose dependence, the increase in BRET
ratio 5 min after stimulation was calculated using the stable
BRET ratio at 0-60 s as the zero level.

2.5. Miscellaneous procedures
IGFBP-3 and IGFBP-4 were expressed in 293T cells,

and purified and quantified as previously described [20].
The purified IGFBPs (60 nM) were incubated (2 h) at

37 °C with IGF-1 (30 nM) in the presence or absence of
recombinant pregnancy-associated plasma protein-A
(PAPP-A) (0.75 nM) [21]. In some experiments, inhibitory
polyclonal antibodies against PAPP-A [22] were included
at a concentration of 40 wg/mL. The reaction mixtures
were added to cells and BRET signals were measured as
described above.

2.6. Statistical analysis

Results are expressed as the mean 4 S.D. Statistical
comparisons were performed using ANOVA, followed
by multiple comparisons. Results were considered statis-
tically significant at P < 0.05.

3. Results

3.1. Bioluminescence resonance energy transfer
(BRET) applied to the IGF-I receptor (IGFR)

Upon binding of insulin to IR, conformational changes
in the intracellular portion of the receptor are believed to be
associated with receptor autophosphorylation [7,23]. We
sought to exploit this model in an assay based on biolu-
minescence resonance energy transfer (BRET) [24] for the
real-time measurement of the stimulation of the closely
related IGFR. The application of the BRET assay principle
is based on the assumption that receptor stimulation causes
the C-terminal domains of the two 3-subunits to come into
closer proximity.

Briefly, the BRET technology is useful for the measure-
ment of protein—protein interactions in living cells [25]. To
measure the interactions of two candidate proteins, one is
fused to the 35 kDa Renilla luciferase (RLuc, the donor),
and the other is fused to the 27 kDa enhanced yellow
fluorescent protein (EYFP, the acceptor), a mutated variant
of green fluorescent protein (GFP). The synthetic RLuc
substrate, coelenterazine h, is able to permeate the cell
membrane and is converted by RLuc under the emission of
blue light of 480 nm. When EYFP is in close proximity
(<100 A), a nonradiative transfer of energy causes its
excitation, and yellow/green light of 527 nm is emitted.
The efficiency of this resonance energy transfer depends on
the spectral overlap of the luciferase/fluorophore pair, and
on the distance between them. To quantify the interaction
between the two proteins, the BRET ratio is calculated as
the amount of yellow/green light emitted by EYFP com-
pared with the blue light emitted by RLuc, as detailed in
Materials and methods. The BRET principle, as applied to
IGFR, is illustrated in Fig. 1B.

In 293T cells co-transfected with pIGFR-RLuc
(Table 1) and pEYFP, encoding soluble EYFP, a basal
BRET signal was observed (Fig. 2A, left panel, crosses). In
cells co-transfected with pIGFR-RLuc and pIGFR-EYFP,
the BRET signal was increased, demonstrating a more
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Fig. 2. Analysis of 293T cell transfected with RLuc- and EYFP-based fusion constructs. (A) Cells were co-transfected with pIGFR—RLuc and one of the
following constructs as indicated (open circles): pIGFR-EYFP, ptr-IRS1-EYFP, and pEYFP-PTP-1B(D181A). The transfected cells were stimulated with
50 nM IGF-I (filled circles), at f = 60 s. Measured BRET ratios were plotted as a function of time (representative experiments are shown). In each series, analysis
of cells co-transfected with pIGFR-RLuc and pEYFP (control plasmid pEYFP-N1 encoding soluble, EYFP), was included (crosses). (B) Western blotting of
cell lysates using a monoclonal antibody specific for phosphotyrosine. Cells were transfected with empty vector (mock), pIGFR, pIGFR-RLuc, and pIGFR—
EYFP, as indicated. Lysates from nonstimulated (upper panel) and stimulated cells (lower panel) are shown. The increased molecular weight of IGFR-RLuc (by
35 kDa) and IGFR-EYFP (by 27 kDa), is apparent. (C) Fluorescence microscopy showing the localization in transfected cells of IGFR-EYFP, IRS1-EYFP, tr-
IRS1-EYFP, and EYFP-PTP-1B(D181A), as indicated. (D) Cells were co-transfected with pIR-B-RLuc and one of the following constructs as indicated (open
circles): pIR-B-EYFP, ptr-IRS1-EYFP, and pEYFP-PTP-1B(D181A). The transfected cells were stimulated with 50 nM insulin (filled circles), at # = 60 s.
Measured BRET ratios were plotted as a function of time (representative experiments are shown). In each series, analysis of cells co-transfected with pIR-B-
RLuc and pEYFP (control plasmid pEYFP-N1 encoding soluble, nonfused EYFP), was included (crosses).

efficient donor-acceptor energy transfer when the lucifer-
ase/fluorophore pair is within the same molecule (Fig. 2A,
left panel, open circles). However, the latter signal was not
significantly increased upon stimulation with IGF-I
(Fig. 2A, left panel, filled circles).

The fusion partners of IGFR do not appear to compro-
mise receptor functionality, as the two fusion proteins both
show the ability to autophosphorylate upon IGF-I stimula-
tion (Fig. 2B), and IGFR-EYFP shows the expected
localization in the cell membrane (Fig. 2C). However,
the assumed conformational change affecting the distance
between the luciferase and EYFP upon stimulation, may be
too subtle, or the donor and/or the acceptor fluorophore

may not be in a favorable orientation for increased BRET
to occur.

3.2. Fusion of the acceptor fluorophore to
downstream signaling molecules

As no increase in the BRET signal was obtained with
both the donor and the acceptor fused to the subunits of
IGFR, we analyzed the potential of IRS1 and the phos-
phatase PTP-1B, both known to interact directly with IGFR
and IR, to function as alternative fusion partners for EYFP.

We first attempted to use a construct in which EYFP is
fused C-terminally to wild-type IRS1 (pIRS1-EYFP).
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However, based on fluorescence microscopy (Fig. 2C), it
showed aberrant intracellular processing upon expression
in 293T cells. A similar finding has previously been
reported with wild-type IRS1 fusion protein [26]. How-
ever, in accordance with previous findings [26], EYFP
fused to a truncated variant of IRS1 containing residues
1-262, encoded by ptr-IRS1-EYFP, appeared to distribute
normally within transfected cells (Fig. 2C). We also pre-
pared an expression construct, pEYFP-PTP-1B(D181A),
in which EYFP is fused to a mutated variant of PTP-1B.
This mutant, PTP-1B(D181A), is unable to dephosphor-
ylate, but still binds to its substrates with high affinity [27].
Fluorescence microscopy showed the expected [28] loca-
lization within the transfected cells (Fig. 2C).

Both constructs, ptr-IRS1I-EYFP and pEYFP-PTP-
1B(D181A), were analyzed for their ability to function
with pIGFR-RLuc in BRET assays. However, in both cases
we did not see an increased BRET signal upon receptor
stimulation (Fig. 2A, center and right panel).

3.3. BRET applied to the insulin receptor (IR-B)

Similar analyses were then carried out with the insulin
receptor, following the preparation of two additional fusion
constructs, pIR-B-RLuc and pIR-B-EYFP (Table 1), in
which RLuc and EYFP, respectively, is fused to the C-
terminal of IR-B. The ability of IR-B-RLuc to function in
BRET analysis with IR-B-EYFP, tr-IRS1-EYFP, and
EYFP-PTP-1B(D181A), respectively, was  tested
(Fig. 2D). With both the luciferase and the acceptor
fluorophore fused to IR-B, we did not observe an increase
in BRET signal upon insulin stimulation, similar to the
results obtained with IGFR. Interestingly, however, with
the acceptor fluorophore fused to the truncated variant of
IRS1, tr-IRS1, a steady increase in the BRET signal was
seen upon stimulation. Furthermore, using pIR-B-RLuc
with pEYFP-PTP-1B(D181A), an even stronger BRET
signal was observed. Assays for insulin based on intramo-
lecular BRET of IR-B, and on intermolecular BRET
between IR-B and PTP-1B have previously been reported
[29,30]. Similarly, only a very week BRET signal was
observed in the first assay setup, and a stronger signal in the
latter.

Thus, assays based on the fusion of RLuc to the IR-B
subunit, and EYFP to PTP-1B(D181A) or a truncated IRS1
(less sensitive) are functional (Fig. 2D). However, the same
principles could not directly be applied for efficient mea-
suring of IGFR stimulation (Fig. 2A).

3.4. A BRET assay for IGF based on IGFR/IR chimeras

In an attempt to obtain a BRET assay specific for the
IGFs, but with the sensitivity of the IR-based assays, three
plasmids encoding IGFR/IR chimeric receptors fused to
RLuc were constructed (Fig. 3A). We also prepared an
expression plasmid, IR-A-RLuc, encoding the IR-A variant
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Fig. 3. Chimeras between IGFR and IR-B. (A) The fusion proteins encoded
by pIGFR-RLuc and pIR-B-RLuc are depicted along with chimeras CHI,
CH2, and CH3, in which a variable portion of IGFR sequence is replaced
with sequence of IR. A fusion protein encoded by pIR-A-RLuc, in which the
12 residues of exon 11 of IR are lacking, is also shown. IGFR sequence is
shown in white, and IR sequence is indicated by shading. (B) Fluorescence
microscopy showing the localization in transfected cells of CHI-EYFP,
CH2-EYFP, and CH3-EYFP, as indicated. (C) Western blotting using a
monoclonal antibody specific for phosphotyrosine of 293T cells transfected
with cDNA constructs as indicated. The positions of bands corresponding to
unprocessed IGF proreceptor, the IGFR 3-subunit, and IRS1 are indicated.
(D) BRET ratios at # = 300 s obtained by co-transfection of 293T cells with
the indicated constructs in combination with PTP-1B(D181A)-EYFP. The
transfected cells were stimulated with buffer (white columns), 50 nM IGF-I
(light grey columns), 50 nM IGF-II (dark grey columns), or 50 nM insulin
(black columns). Values are averages of three experiments; standard
deviations are indicated. (#) P < 0.05 vs. control; (*) P < 0.01 vs. control.

of the insulin receptor fused to RLuc (Fig. 3A). The IR-A
variant of the insulin receptor differs structurally from IR-
B by lacking 12 residues in the a-subunit (Fig. 3A), and
functionally by showing increased binding of IGF-II com-
pared to IR-B [11]. As judged by fluorescence microscopy,
EYFP variants of chimeras CH2 and CH3 showed cellular
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Fig. 4. Dose dependent BRET with IGFR-IR chimera CH2 and PTP-
1B(D181A). Cells were co-transfected with pCH2 and pPTP-1B(D181A)-
EYFP, and stimulated with increasing concentrations of IGF-I (solid line) or
IGF-II (dashed line), as indicated. The measured BRET ratio at = 300 s is
plotted. Values are averages of three experiments; standard deviations are
indicated. (#) P < 0.05 vs. previous concentration; (*) P < 0.01 vs. previous
concentration. Indications are made above (IGF-I) or below (IGF-II) the lines.

localization similar to the wild-type receptors. CHI, in
contrast, did not localize to the cell membrane (Fig. 3B). In
accordance, Western blotting revealed anomalous proces-
sing of CH1, but not CH2 and CH3 (Fig. 3C).

Since PTP-1B(D181A) appeared to be the most efficient
fusion partner for the acceptor fluorophore, cells were
transfected with pPTP-1B(D181A)-EYFP combined with
the chimeric RLuc constructs pCH2 and pCH3, or with
pIR-A-RLuc, and BRET analysis was carried out with IGF-
I, IGF-II, and insulin (Fig. 3D). Our results show that the
assay based on CH2 is able to specifically detect both IGF-I
and -II at a sensitivity comparable to the detection of
insulin with the assay based on IR-B. The assay based
on CH3 appeared to be less sensitive. Both insulin and IGF-
I1, but as expected not IGF-I, was sensitively detected with
the assay based on IR-A.
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Fig. 5. Inhibition of IGFR stimulation by IGF binding proteins (IGFBPs).
The effect of IGFBPs on receptor stimulation with IGF-I (30 nM) was
analyzed. In some experiments, the proteinase PAPP-A which cleaves
IGFBP-4, but not IGFBP-3, was included with or without the addition of
inhibitory antibodies against PAPP-A. The combination of proteins in each
experiment is indicated. Values are averages of three experiments; standard
deviations are indicated. (#) P < 0.05 vs. control; (*) P < 0.01 vs. control.

In conclusion, with the assay based on pCH2 and pPTP-
1B(D181A)-EYFP, specific IGF-I and -II activity can be
measured. Analysis of ligand dose dependence shows that
this assay is useful at ligand concentrations above 3 nM for
both IGF-I and -II (Fig. 4), similar to previous results with
IR-B [30].

3.5. Analysis of inhibitors of IGFR activity

Using the BRET assay, we analyzed the abilities of IGF
binding protein (IGFBP)-3 and -4 to specifically inhibit
IGF stimulation, and, in turn, the ability of the IGFBP-4
proteinase PAPP-A to circumvent this inhibition (Fig. 5).
Complete inhibition of IGF-I activity was obtained with
IGFBP-4. This inhibition was completely reversed by
treatment with PAPP-A. In turn, polyclonal antibodies
against PAPP-A, previously shown to inhibit its proteolytic
activity [21], effectively abrogated the stimulatory effect of
PAPP-A. In a similar manner, inhibition of IGF-I stimula-
tion was obtained with IGFBP-3, but this effect was not
reversed by PAPP-A (Fig. 5), in accordance with the
substrate specificity of the enzyme.

4. Discussion

We have developed an assay based on bioluminescence
resonance energy transfer that allows specific real-time
measurement of IGF activity in living cells. The estab-
lished system allows efficient screening for ligand- or
receptor-directed molecules which inhibit IGF activity.
In addition, we have demonstrated that a proteolytic
enzyme, which cleaves and inactivates the inhibitory
IGFBP-4, may function as a target to specifically inhibit
IGF signaling by the inhibition of proteolytic activity.

Initial attempts to construct a BRET assay based on
fusion of the luciferase (RLuc) to IGFR, and the acceptor
fluorophore, EYFP to IGFR, or to the downstream signal-
ing molecules, insulin receptor substrate-1 (IRS1) or pro-
tein tyrosine phosphatases-1B (PTP-1B), failed (Fig. 2A).
However, similar experiments with IR, and IRS1 or PTP-
1B, which we carried our in parallel, proved successful
(Fig. 2D), in agreement with previous studies on IR and
PTP-1B [30]. These results may be explained by subtle
intracellular differences between IR and IGFR upon sti-
mulation. Alternatively, as the strength of the BRET signal
depends on favorable orientation between the donor and
the acceptor, they may be a consequence of differences in
the relative orientation of RLuc when fused to the two
receptors. Interestingly, as the IR BRET assay appeared to
function better with both IRS1 and PTP-1B, the RLuc may
be in an unfavorable orientation when fused to IGFR.

We then successfully constructed assays based on chi-
meric IGFR/IR proteins, in which the ligand binding site
was derived from IGFR (Fig. 3A). The most efficient assay
was based on chimera CH2, in which the RLuc is fused to a
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chimeric receptor with the entire intracellular portion
derived from IR, and EYFP fused to PTP-1B. With this
assay, we were able to measure IGF activity specifically
with sensitivity similar to the corresponding assay for
insulin, based on IR (Fig. 3D).

The ability to rapidly detect the stimulation of IGFR in
living cells may facilitate the screening of compounds
potentially agonizing or antagonizing the activities of
IGF-I and/or -II. Such compounds may, for example,
interfere directly with ligand-receptor interactions, allos-
terically influence receptor conformation, or interact with
the tyrosine kinase domain to increase or decrease its
activity [7]. These strategies to therapeutically control
receptor activity are shared between IGFR and IR. How-
ever, the six IGF binding proteins (IGFBP-1-6) comprise
an additional level of ligand-directed control of IGF activ-
ity in vivo [3]. Hence, the IGFBPs may function as alter-
native targets to specifically modulate IGF activity without
affecting IR signaling. Furthermore, molecules which
function to control the abilities of the IGFBPs to bind
and inhibit the IGFs, may also prove to be valuable targets
in the control of IGFR stimulation. The metzincin metal-
loproteinase  pregnancy-associated plasma protein-A
(PAPP-A) [20], which cleaves IGFBP-4 and -5 [31,32],
is an obvious candidate target molecule, in particular
because PAPP-A-null mice show a phenotype consistent
with a complete lack of IGF-II signaling [33]. Specific
inhibition of PAPP-A proteolytic activity may be relevant
in pathological conditions such as atherosclerosis, where
an increased level of PAPP-A is believed to be the under-
lying cause of increased IGF activity [34]. As example, we
used IGFBP-3 and -4 to inhibit IGFR stimulation, and, in
turn, PAPP-A to circumvent the inhibitory effect of
IGFBP-4, but not IGFBP-3. These results emphasize the
potential of specific inhibition of IGF signaling by target-
ing IGFBPs or molecules which control IGFBP activity,
such as specific proteinases.

Compared to conventional assays for the measurement
of IGFR stimulation, which involves lysis of cells prior to
analysis, our assay measures receptor stimulation as it
occurs in living cells. Such real-time measurement may
be important in efforts to understand the kinetics of
receptor stimulation, in particular differences in ligand
binding mechanism between IGFR and IR. Additionally,
it may prove valuable in the biochemical study of IGF
release from IGFBP-IGF complexes in proximity to the
cell surface [35].
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