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ABSTRACT: IGF-1 (insulin-like growth factor 1) is a 70-residue protein hormone which has both metabolic
and mitogenic activities mediated through IGF-1 binding to cell surface receptors. However, an unrelated
class of proteins, the IGF-binding proteins (IGFBPs) also bind IGF-1 in the serum and tissues and block
or modulate its activity in vivo. Therefore, inhibitors of the IGFBPs can alter the distribution between
free and bound IGF-1 [Loddick, S. A., Liu, X.-J., Lu, Z.-X., Liu, C., Behan, D. P., Chalmers, D. C.,
Foster, A. C., Vale, W. W., Ling, N., and De Souza, E. B. (1998)Proc. Natl. Acad. Sci. U.S.A. 95,
1894-1898] and potentially affect the distribution of IGF-1 among body tissues. We report here that
phage-displayed peptide libraries have yielded a peptide that binds IGFBP-1 and produces IGF-like activity
at sub-micromolar concentrations. The 14-residue peptide has an extremely well-defined solution
conformation that can aid in the design of smaller, orally active compounds. Interestingly, the peptide
structure contains a helix, as does one region of IGF-1 previously implicated in IGFBP binding, yet displays
side chains different from those of the IGF-1 helix I. Furthermore, an IGF-1 variant lacking receptor-
signaling activity in vitro is shown here to produce IGF-like mitogenic and metabolic activity in vivo.
These results suggest that small antagonist mimetics of protein ligands, identified by binding selection to
otherwise inhibitory factors, may be useful as indirect agonists for a variety of therapeutic applications.

The multiple activities of the insulin-like growth factors
(IGFs1), extending from hypoglycemia to whole body
growth, have led to IGF-1 being used as an injectable drug
in tests as a therapeutic for several human diseases (reviewed
in refs1-3). The type 1 IGF receptor mediates the activities
of IGF-1 and is similar in structure to the insulin receptor
(4, 5). Orally active compounds that have similar effects
could be therapeutically useful in treating a variety of
potential indications, including short stature, renal failure,
and type I or type II diabetes (2). However, discovering
small molecule agonists for these receptors has proved
difficult (6). In general, a direct agonist mimic of IGF-1

must both bind to the receptor and induce a complex
activation event (4). Further complicating this approach from
a drug-design viewpoint, IGF-1 appears to undergo a
conformational change in binding to its receptor (7, 8).
In vivo, the IGFs are bound to a family of binding proteins

(IGFBPs), unrelated to the IGF-1 receptor, which modulate
IGF activity (reviewed in refs9 and10). Six distinct IGFBPs
are known in humans (9), and other related proteins have
been described. Binding of some IGFBPs to IGF-1 ef-
fectively blocks the action of IGF-1. In fact, the vast
majority of IGF-1 present in serum circulates as a complex
with one binding protein, IGFBP-3, and a third protein, ALS
(11). The remaining binding proteins form lower-molecular
weight complexes with IGF-1, some of which are localized
to cell surfaces in a tissue-specific manner (9).
IGF-1 has been shown to have a diffuse epitope for binding

to its binding proteins, including residues near the N terminus
as well as residues 49-51 (12-14). Nevertheless, it has
been shown that the epitope on IGF-1 used to bind its
receptors is different and distinct from the one used to bind
IGFBPs. For example, mutating two tyrosines in a recom-
binant human (rh) IGF-1, Y24L/Y29A IGF-1, produces a
molecule that is still able to bind to IGFBPs but binds very
poorly to IGF receptors(15-17), showing that the structural
requirements for receptor binding and IGFBP binding may
be completely unrelated.
Molecules that bind to IGFBPs might potentiate some of

the effects of IGF-1, by liberating IGF-1 from binding protein
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complexes either in the serum or at tissue-specific sites in
the body. Hence, antagonism of a protein-protein binding
event could potentially be used to produce net agonist
activity. Indeed, Loddick et al. (18) have recently shown
IGF-like neuroprotective activity in rat brain using a “recep-
tor-inactive” IGF-1 variant. Some of the binding proteins,
on the other hand, have the ability to potentiate IGF-1 action
(reviewed in refs9 and 10). IGFBPs may exert IGF-
independent effects, including interactions with tissue-
specific components which act to target IGF-1 to these tissues
as IGF-IGFBP complexes (9). In this case, blocking the
binding of IGF-1 specifically could reduce its effects in
tissues where attenuation of mitogenesis is desired (19).
As a model for indirect agonist drug design, we chose

IGFBP-1 as a target. Using phage-displayed peptide librar-
ies, we have identified novel peptides, unrelated to IGF-1
in sequence, which bind to IGFBP-1 and can free IGF-1 from
IGFBP-1-bound complexes in vitro. Surprisingly, one such
peptide, identified from a phage-displayed peptide library,
also has a well-defined turn-helix structure in aqueous
solution, suggesting the possibility of designing small
molecule mimetics. To test for multiple IGF-like effects of
an indirect agonist in vivo, we needed a high-affinity IGFBP
inhibitor with the ability to bind IGFBPs in an animal model
system. The IGF-1 variant Y24L/Y29A IGF-1 was therefore
chosen as a molecule having IGFBP-binding activity but
lacking in vitro receptor binding. The results of these
experiments suggest that novel IGF-1 mimetics can be found
for binding IGFBPs and that blocking IGFBP binding to
IGF-1 can have IGF-like mitogenic and metabolic effects in
vivo.

EXPERIMENTAL PROCEDURES

Construction of Peptide-Phage Libraries. A peptide-
g8p fusion (20) was constructed for polyvalent display of
peptide on filamentous phage. The gene for the major coat
protein (g8p) ofEscherichia colibacteriophage M13 was
amplified from M13K07 (Stratagene) using PCR primers 5′-
GCA CGC TTC TAG AAC GGT GGC GGT GCT GAG
GGT GAC GAT CCC GCA and 5′-AGT AGC TCT AGA
CAC TGA GTT TCG TCA CCA GTA CAA AC. TheXbaI-
digested fragment was used to replace the g3 fragment of
phGHam-g3 (21) to construct a g8p display phagemid. The
hGH gene of this plasmid was replaced with cDNA for an
antibody-recognizable (gD tag) peptide to produce a fusion
product containing the gD peptide (in italics), followed by a
linker peptide (underlined), and the g8p ofE. coli bacte-
riophage M13,SGTAMADPNRFRGKDLAGSPGGGSGG-
GAEGDDPAKAAFNSLQASATEYIGYAWAM-
VVVIVGATIGIKLFKKFTSKAS.
Several random-sequence peptide libraries were con-

structed using single-stranded template-directed mutagenesis
(22), with the form XiCXjCXk (wherej ranged from 4 to 10
and i + j + k ) 18), using oligonucleotides of the form
5′-GCT ACA AAT GCC TAT GCA (NNS)i TGC (NNS)j
TGC (NNS)k GGT GGA GGA TCC GGA GGA G-3′.
These libraries yielded 5.3× 108, 5.6× 108, 5.0× 108, 6.3
× 108, 4.5 × 108, 1.9 × 108, and 2.1× 108 E. coli
transformants, respectively, forj ) 4-10. An unconstrained
peptide library, of the form X20, yielded 5.0× 108 transfor-
mants. Additional libraries were constructed with the form

SGTACX2GPX4CSLAGSP or X4CX2GPX4CX4, yielding 1.8
× 108 and 7.9× 108 transformants, respectively.
Peptide-Phage Binding Selections for IGFBP-1. IGF-

BP-1 was biotinylated with EZ-Link NHS-SS-biotin (Pierce).
Immunosorbant plates (Nunc Maxisorp) were coated with 2
µg/mL Neutravidin (Pierce) in 50 mM sodium carbonate
buffer (pH 9.6) and blocked with BSA (5 g/L in carbonate
buffer). After incubation for 1 h with biotinylated IGFBP-1
(20 nM), plates were washed with 0.05% Tween 20 in PBS
buffer. Phage from the libraries described above were pooled
as follows. Pool A consisted of SGTACX2GPX4CSLAGSP
phage, pool B of X4CX2GPX4CX4 phage, pool C of X20
phage, and pool D of combined phage from the XiCXjCXk

(j ) 4-10) libraries. The initial selection was carried out
by binding phage, washing, and then eluting by incubation
with 50 mM DTT (to reduce the biotin-disulfide linkage,
releasing phagemid particles) for 1 h at room temperature.
Phage were propagated overnight with shaking at 37°C in
XL1-Blue cells with M13-VCS or M13-K07 helper phage
(Stratagene).
In the second and third cycles of binding selection,

streptavidin (0.1 mg/mL, Pierce) was included in the phage
cocktails along with biotin, and 5 g/L ovalbumin, or 5 g/L
instant milk in 50 mM sodium carbonate buffer, was used
as the blocking agent. The fourth round was carried out on
plates directly coated with 2µg/mL IGFBP-1 or with albumin
only. Phage remaining bound were eluted by incubating with
20 mM HCl, after which the eluates were neutralized with
1/5 volume of 1 M Tris-HCl (pH 8.0). Propagation was
carried out as above.
Peptide Synthesis.Peptides were synthesized by either

manual or automated (Milligen 9050) Fmoc-based solid-
phase synthesis on a 0.25 mmol scale using a PEG-
polystyrene resin (23). Upon completion of synthesis, side
chain protection groups were removed and the peptide was
cleaved from the resin with 95% trifluoroacetic acid (TFA)
and 5% triisopropylsilane. Oxidation of the disulfide bonds
was carried out by adding a saturated iodine solution in acetic
acid. Purification of peptides was performed by reversed-
phase HPLC with a water/acetonitrile gradient containing
0.1% TFA. The purity of each peptide was determined by
analytical HPLC to be greater than 95% homogeneous, and
its identity was verified by mass spectrometry.
Peptide Inhibition of IGF Binding to IGFBP-1 by ELISA.

For inhibition of IGFBP-1 binding, IGFBP-1 (as well as
IGFBP-3 as a control) was biotinylated as described above.
Immunosorbant plates were coated and blocked as above,
using 2µg/mL IGF-1. In a separate plate, serial dilutions
of peptide were premixed with a constant concentration (20
nM) of biotinylated IGFBP-1. After 20 min at room
temperature, the mixture was added to the IGF-1 plate. The
peptide/IGFBP mix was then removed, and the plate was
washed with PBS buffer containing 0.05% Tween 20. Bound
biotin-IGFBP-1 was detected using streptavidin-conjugated
horseradish peroxidase and a chromogenic substrate (o-
phenylenediamine, Sigma) with product detection at 492 nm.
In some experiments, the tetramethylbenzidine substrate
(Kirkegaard and Perry, Gaithersburg, MD) was used, with
product detection at 450 nm.
Cell-Based KIRA Assay of IGF-1 ActiVity. A kinase

receptor activation assay (KIRA) for measuring activation
of the human type 1 IGF-I receptor was developed using
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human MCF-7 cells (ATCC-HTB 22), which express IGF
receptors as well as insulin receptors (24). Cells were grown
overnight in 96-well plates with medium (50:50 F12/DMEM,
Gibco) at 37°C in 5% CO2. Supernatants were decanted,
and stimulation media (50:50 F12/DMEM with 25 mM
HEPES and 2.0% BSA) containing either experimental
samples (IGFBP-1, preincubated for 30 min with peptide and
then for 30 min with 50 ng/mL rhIGF-1) or the rh IGF-I
standards were added. After stimulation at 37°C for 15 min,
supernatants were decanted, and cells were lysed. Lysates
were transferred to an immunosorbant plate coated with the
polyclonal anti-IGF-IR (Santa Cruz Biotech) and blocked
with BSA. After incubation for 2 h at room temperature,
unbound receptor was removed by washing, and bound
receptor was detected with biotinylated antibody 4G10 (anti-
phosphotyrosine) followed by development with HRP-
conjugated dextran-streptavidin and tetramethylbenzidine
substrate solution. The product absorbance at 450 nm was
read with a reference at 650 nm.
NMR Spectroscopy. NMR data were collected with a

Bruker AMX-500 spectrometer at 30°C and pH 5.3 and a
peptide concentration of 6.7 mM. Spectra were processed
and analyzed using the program Felix [Molecular Simulations
Inc. (MSI), San Diego, CA]. 2QF-COSY, TOCSY, ROESY,
and NOESY data were collected from a H2O solution as
described (25), except that excitation sculpting was used for
solvent suppression (26). NOESY, ROESY, and COSY-35
spectra were acquired from a D2O solution. Sequential
resonance assignments were made by standard methods (27)
and are presented in the Supporting Information (Table S1).
1H-1H distance and dihedral angle restraints were obtained
from the ROESY and COSY data, respectively, as described
previously (28). Eighty structures were calculated using the
programs DGII (29) and the amber force field implemented
within DISCOVER (MSI) using 149 distance restraints, 10
φ restraints, and 5ø1 restraints, applied with force constants
of 25 kcal Å-2 or 100 kcal rad-2; explicit hydrogen bond
restraints were not employed. The 20 structures with the
lowest residual restraint violation energy (0.22( 0.06 kcal
mol-1) were used to represent the solution structure of p1-
01; a detailed analysis of the quality of the ensemble can be
found in the Supporting Information (Table S2). The final
structures have mean maximum distances or dihedral viola-
tions of 0.06( 0.01 Å or 0.8( 0.2°, respectively. When
the three partially disordered N-terminal residues and C-
terminal glycine are discounted, the mean rms displacement
from the mean structure is 0.33( 0.10 and 0.76( 0.10 Å
for backbone and all heavy atoms, respectively.
Injection of the IGF-1 Variant in Rats. All experimental

procedures and study designs involving animals were ap-
proved by the Genentech Animal Care and Use Committee.
Sterile instruments and aseptic technique were used through-
out. Animals used were normal Sprague-Dawley rats (SD;
200-240 g/each) (Charles River, Hollister, CA), Zucker
diabetic fatty rats (ZDF; 240-280 g/each) (Genetic Models,
Indianapolis, IN), hypophysectomized rats (Taconic Farms,
Germantown, NY), or homozygous dwarf rats (dw/dw) (30;
Charles River).
For injections, the ventral and dorsal neck areas of rats

were shaved and prepared with betadine and alcohol. A
small skin incision was made ventrally in the neck over the
jugular vein. The vein was isolated and a catheter (Mi-

crorenathane tubing) was inserted. The catheter was then
led subcutaneously (sc) behind the ears so that it could exit
in the dorsal-scapular region for experimental purposes.
Incisions were closed with 3-0 silk in a simple continuous
fashion. The animals were then allowed to recover on a
heated pad and were returned to their cage when they were
ambulatory.
For minipump delivery of the IGF-1 variant, rats were

anesthetized using ketamine (65 mg/kg) or xylazine (12.5
mg/kg) intraperitoneally (ip). The skin over the dorsal-
scapular implantation site was surgically clipped and pre-
pared using betadine and alcohol. A 1 cm incision was made
in the skin, and two Alza 2001 osmotic minipumps were
placed sc before the site was closed with 9 mm staples. The
animals were allowed to recover on a heated pad and were
returned to their cages when they were ambulatory.
Rat IGF-1 levels were measured using an RIA (Diagnostic

Systems Labs, Webster, TX) as described by the manufac-
turer. This assay is specific for rat (endogenous) IGF-1 and
measures total IGF-1 (including that bound to IGFBPs).
Insulin values were measured using an RIA (Linco Research,
St. Charles, MO). Serum creatinine and glucose levels were
determined on a Chem 1A serum chemistry analyzer (Bayer
Corp., Pittsburgh, PA). For determination of organ weights,
animals were sacrificed after 7 days.

RESULTS

IGFBP-1-Specific Ligands from Phage-Displayed Librar-
ies. To test whether molecular mimics smaller than IGF-1
could be found to bind specifically to the IGFBPs, peptide-
phage libraries (31) were screened for peptides that could
bind to purified human IGFBP-1 and block its interaction
with IGF-1. While simple, structurally unconstrained pep-
tide-phage libraries have sometimes yielded peptides that
bind to specific protein targets (reviewed in ref32), introduc-
tion of a single disulfide bond joining Cys residues within a
short peptide often favors ligands which bind their targets
with higher affinities than unconstrained forms (see, e.g.,
refs 33 and34). We therefore constructed peptide-phage
libraries with potential disulfide bonds in the form XiCXj-
CXk, where i ) 4-7, j ) 4-20, andk ) 4-7, to favor
small, structurally compact peptide ligands. The libraries
used a polyvalent phage presentation to access a wide range
of binding affinities through avidity effects (35-38). In
addition, some libraries contained a fixed Gly-Pro sequence,
to favor a type 1 reverse turn (reviewed in ref39), as
observed previously in the bound hairpin conformation of a
peptide agonist of the erythropoeitin (EPO) receptor (40, 41).
In particular, two such libraries contained the fixed CX2-
GPX4C motif, found in the EPO-agonist peptide, with either
fixed (SGTACX2GPX4CSLAGSP) or random (X4CX2GPX4-
CX4) flanking residues.
When these phage libraries were affinity-sorted on the

basis of binding to IGFBP-1, enrichments (ratio of phage
eluting from IGFBP-1-coated plates to phage eluting from
control plates) of 10-1000-fold were observed in selection
cycles 3 and 4 for three libraries: library A (GP motif with
fixed flanking residues), B (GP motif with random flanking
residues), and C (combined CXjC motifs, wherej ) 4-10).
No significant enrichment was observed from library D
(linear X20 library). Several predominant sequences were
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identified which bound specifically to IGFBP-1, and their
displayed peptides were deduced from DNA sequencing
(Table 1). Binding of these peptide-phage to immobilized
IGFBP-1 was blocked by IGF-1, and little or no peptide-
phage binding was detected on immobilized IGFBP-3 (data
not shown). Two of the peptide sequences,Φ1 andΦ13,
contained the fixed Gly-Pro motif within a 10-residue
disulfide loop; the third,Φ31, contained no Cys residues or
Gly-Pro motif. On the basis of DNA sequencing, the
occurrence ofΦ1 in pool A (Table 1) likely represents a
cross-contamination event from library B, followed by
efficient selection for the clone over authentic members of
library A.
Functional Characterization of Synthetic Peptides.Pep-

tides were prepared by chemical synthesis to correspond to
the phage-derived sequences. To test for IGFBP-1 binding,
we preincubated each peptide with biotinylated IGFBP-1 and
measured residual binding to IGF-1 in a plate-based (ELISA)
assay. Peptides CRAGPLQWLCEKYFG (p1-01, cyclic) and
SEVGCRAGPLQWLCEKYFG (p1-02, cyclic), both based
upon the predominant phage cloneΦ1 (Table 1), showed
the highest affinities for IGFBP-1, blocking IGFBP-1 binding
to IGF-1 with IC50s of 180 and 50 nM, respectively (Figure
1A). The peptide p3-01, namely SEEVCWPVAEWYLCN-
MWG (cyclic), was identified by a phage-displayed library
screen similar to that described for IGFBP-1, using biotin-
ylated IGFBP-3 as the target (H. B. Lowman et al., in
preparation). This peptide did not effectively block the
binding of IGFBP-1 to IGF-1 (Figure 1A). Furthermore,
the binding of p1-01 and p1-02 was quite specific for IGFBP-
1. Although IGF-1 blocked biotinylated IGFBP-3 binding
to immobilized IGF-1, the IGFBP-1-selected peptides did
not (Figure 1B). In contrast, peptides p1-13 and p1-31,
corresponding to phage clonesΦ13 andΦ31, respectively
(Table 1), bound IGFBP-1 much more weakly, blocking
IGF-1 binding with IC50s of 5.4 and>10 µM, respectively
(data not shown).
A cell-based in vitro kinase activity (KIRA) assay was

also used to test the effects of p1-01 and p1-02 peptides on
cells having functional IGF receptors in cell culture. In this
assay, cells stimulated with IGF-1 show increased levels of
phosphorylated receptors (24), with an EC50 of about 1.7
nM IGF-1 (not shown). In this case, the results show that,
whereas IGFBP-1 blocks IGF-1-dependent kinase activity,
both peptides liberate IGF-1 activity from mixtures contain-
ing IGFBP-1 (Figure 2A). The EC50s (400 nM for p1-01
and 190 nM for p1-02), while higher than those in the plate
assay, reflect a similar relative decrease in potency for the
shorter synthetic peptide compared to that for the full-length

peptide. In contrast to the IGFBP-1-selected peptides, the
IGFBP-3 selectant p3-01 did not liberate IGF-1 activity from
IGF-1-IGFBP-1 mixtures (Figure 2A). The peptides them-
selves exhibited no direct agonist activity (data not shown),
nor did they inhibit IGF-1 activity (Figure 2B).
Structural Characterization of the p1-01 Peptide. 1H

NMR was used to evaluate the structure of the p1-01 peptide
in solution. Chemical shifts, scalar coupling constants, and
nuclear Overhauser enhancements all indicate that the peptide
adopts a well-defined and stable conformation in aqueous
solution, even at 30°C (see Experimental Procedures and
the Supporting Information). Restraints based on the NMR
data were used to calculate an ensemble of structures for
p1-01 using a combination of distance geometry and
restrained molecular dynamics calculations. The peptide p1-
01 contains a well-defined C-terminal helix encompassing
residues Leu6-Tyr13, preceded by a type I reverse turn at
Pro5-Leu6 (Figure 3). The helix does not contain a typical
N-cap motif, but a hydrogen bond is observed between HNε1

of Trp8 and the carbonyl oxygen of Pro5 in 19 of the final
20 structures. The four N-terminal residues are not defined
well by the NMR data. The driving force for formation of
this structure appears to be hydrophobic packing of residues
on one face of the helix; Leu6, Leu9, and Tyr13 form a
central stripe, with Trp8, Lys12, and Phe14 packing against
these residues.

Table 1: Peptide Sequences of g8-Phagemid Clones Binding to
IGFBP-1

name sequencea pool frequency

Φ1 SEVGCRAGPLQWLCEKYF A 6/6
Φ1 SEVGCRAGPLQWLCEKYF B 5/6
Φ13 KDPVCGEGPLMRICERLF B 1/6
Φ31 EVDGRWWIVETFLAKWDHMA C 6/6
aUnderlined residues were invariant in the designed libraries. Peptide

sequences were deduced from the DNA sequences of clones obtained
after four rounds of binding selection from pools A-C. The frequency
represents the occurrence of each clone among the total number of
clones sequenced from the indicated pool.

FIGURE 1: Peptide inhibition of IGFBP-1 binding to IGF-1. (A)
Peptides p1-01 (0) and p1-02 (O) were preincubated with IGFBP-1
before the mixtures were added to an IGF-1-coated plate, as was a
control peptide selected for binding IGFBP-3, p3-01 (4). (B)
Peptides p1-01 (0) and p1-02 (O), both of which were selected for
binding IGFBP-1, were preincubated with IGFBP-3 and the
mixtures added to an IGF-1-coated plate. An IGF-1 control (b) is
also shown.

Peptide Displacers of IGF-Binding Proteins Biochemistry, Vol. 37, No. 25, 19988873



The disulfide bond is also necessary for structure, presum-
ably in helping to initiate the first turn of the helix. A
peptide, SRAGPLQWLSEKYFG, with both Cys residues
replaced by serine was also studied by NMR. Chemical
shifts, scalar coupling constants, and interresidue NOEs were
all consistent with an extended or random-coil structure. This
peptide showed inhibition of IGFBP-1 binding to IGF-1 with
an IC50 of approximately 50µM (data not shown).
Many resonances of p1-01 are broad at temperatures lower

than 20°C, and several resonances (especially the upfield-
shifted methyl signals) have concentration-dependent chemi-
cal shifts suggestive of some self-association process. In
addition, weak NOEs were observed between side chain
protons of Tyr13 and Leu6. These NOEs were not used in
the determination of a structure for p1-01 and correspond to
interproton distances greater than 8 Å in thestructures shown
in Figure 3, but might easily be explained if the peptide
formed a head-to-tail dimer via the hydrophobic helical face.
However, collection of NMR data in the presence of 20%
acetonitrile prevented self-association without altering the
parameters that are indicative of structure. Also, at micro-
molar concentrations and below, the peptide was shown to
be monomeric by analytical ultracentrifugation (data not
shown). Thus, the self-association observed at high con-
centrations in aqueous solution is not necessary for structural

stability of p1-01 or for binding to IGFBP-1. The large
solvent-exposed hydrophobic face along the helix (Figure
3) provides an attractive surface for interaction with IGFBP-1
but may be responsible for self-association of the peptide at
the high concentrations required to conduct the NMR
analysis.

Insulin-like Effects of an IGF-1 Variant Lacking Receptor
ActiVity. An IGF-1 variant, rh Y24L/Y31A IGF-1, lacking
receptor-binding activity, but still able to bind to IGFBPs
(15-17) was chosen to examine the effect of blocking
IGFBPs in vivo. We first confirmed the lack of receptor-
mediated activation by the variant, and its ability to bind
IGFBPs. Even at high concentrations, rh Y24L/Y29A IGF-1
was inactive in two in vitro bioassays yet was only 5-fold
reduced in binding to IGFBP-1 and IGFBP-3 (data not
shown).

To test the IGF-1 variant in vivo, chronically cannulated,
nonfasted, conscious, normal SD (Sprague-Dawley) adult rats
or obese, male Zucker diabetic fatty (ZDF) rats were given
a single intravenous (iv) injection of 100µg of rhIGF-1, rh
Y24L/Y31A IGF-1, or excipient. In both rat strains, rhIGF-1
and the IGF variant produced large decreases in plasma
insulin (Figure 4A,C). Ten minutes after the injections in
ZDF rats (Figure 4A), insulin values were 8.9( 1.3 ng/mL
for the saline treatment, 4.8( 0.4 ng/mL for the rhIGF-1
treatment, and 5.8( 0.9 ng/mL for the variant treatment.
Glucose values (Figure 4B) were 170( 7 mg/dL for saline,
123 ( 6 mg/dL for rhIGF-1, and 145( 7 mg/dL for the
variant. Responses to both rhIGF-1 and the variant were
highly significant compared with responses to saline (p <
0.01 for both). Similar results were obtained in normal rats,
although the variant’s effect on glucose levels was muted
(Figure 4C,D).

Growth-Promoting Effects of the Receptor-InactiVe IGF-1
Variant. Growth promotion is also an important and
potentially useful in vivo effect of IGF-1. Therefore, the
long-term growth-promoting effect sc infusions of rh Y24L/
Y31A IGF-1 were studied in models of complete or partial
growth hormone (GH) deficiency, namely, hypophysecto-
mized (Hx) rats or homozygous dwarf (dw/dw) rats, respec-
tively. Both types of rats are sensitive to the growth-
promoting effects of IGF-1 (30). Body growth was evaluated
in terms of weight gain, cartilage growth, serum chemistries,
and weights of IGF-sensitive organs. In Hx rats, which have
lower endogenous IGF-1 levels than dw/dw rats (Table 2),
rh Y24L/Y31A IGF-1 (50 µg/dL) alone significantly in-
creased epiphyseal plate width (controls of 191( 5 vs 233
( 9 µm,p< 0.01). It also increased kidney size and lowered
serum creatinine levels; when given with rhGH, the variant
additively stimulated weight gain and spleen growth. rhGH
increased endogenous IGF-1 levels (Table 2), perhaps
enhancing the amount of IGF-1 that could be displaced by
rh Y24L/Y31A IGF-1. In homozygous dw/dw rats (Table
2), rh Y24L/Y31A IGF-1 had additive effects (particularly
on the kidney) when co-infused with rhIGF-1. Furthermore,
the variant significantly changed the body weight gain and
renal responses to hGH injections. Rat IGF-1 levels were
reduced by treatment for 7 days with either rhIGF-1 or Y24L/
Y31A rhIGF-1, with their combination producing the largest
decrease (Table 2).

FIGURE 2: Indirect agonist activity of peptides on cells in vitro. A
kinase receptor activation assay was used to monitor IGF-1 activity.
(A) IGF-1 was mixed with IGFBP-1 and peptides p1-01 (0) or
p1-02 (O) or a IGFBP-3 binding peptide, p3-01 (4), and then the
mixtures were added to MCF-7 cells. EC50s for release of IGF-1
activity were calculated to be 400 nM for p1-01 and 190 nM for
p1-02. (B) IGF-1 was mixed with peptides p1-01 (0) or p1-02 (O)
or a IGFBP-3 binding peptide, p3-01 (4), and then the mixtures
were added to MCF-7 cells.
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DISCUSSION

Identification of a Structured IGF-1 Mimic for Binding
IGFBP-1. Simple binding selections using polyvalently
displayed peptides on filamentous phage yielded several
sequences specific for IGFBP-1. Peptides p1-01 and p1-02
(Table 1), based upon one of these sequences, showed
inhibition of IGF-1 binding to IGFBP-1 in the sub-micro-
molar concentration range (Figure 1). In cell-based assays,
the peptides were able to liberate IGF-1 activity from
mixtures of IGF-1 with IGFBP-1 (Figure 2). The binding
inhibition and the release of IGF-1 activity were both binding

protein-specific, as such effects were not seen with IGFBP-3
(Figures 1 and 2). These properties suggest that IGF-like
indirect agonist activity can be induced by a mimetic that
binds IGFBPs.

Interestingly, even though no specific selection technique
was used to restrict selection to the IGF-1 binding epitope
on IGFBP-1, each of the peptides identified from phage-
displayed peptide libraries did inhibit the binding of IGFBP-1
to IGF-1. A similar observation was made by Kay et al.
(42), who noted that peptide ligands for protein targets from
a 38-mer peptide-phage library were most often found for

FIGURE 3: Structure of IGFBP-1 binding peptide p1-01. (A) Stereoview of an ensemble of 20 structures of p1-01 determined from NMR
data. The backbone is shown in light blue; the cysteine side chains are shown in yellow and several of the other well-defined side chains
in darker blue. (B) Ribbon views in two orientations (rotated by 90° with respect to each other) of a representative p1-01 structure showing
the hydrophobic packing along one face of the helix. All side chain heavy atoms are depicted. This figure was prepared using the program
Insight II (MSI).
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targets with known “binding pockets”. Although some
nonblocking (with respect to ligand-receptor pairs) peptides
have also been observed in other systems (see, e.g., ref43),
these results provide support for the notion that peptides from
such libraries may often be found to interact with the epitope
used in natural protein-protein interactions.
Structural Implications of the Peptide Mimic.The p1-01

peptide is, to our knowledge, the most structurally defined
peptide in solution yet to be identified from random peptide-
phage libraries without a predefined structural scaffold.
Although p1-01 does have seven residues in common with
the â-hairpin EPO-agonist peptide (40), including the
CX2GPX4C fixed motif, its solution structure (Figure 3) is
very different from that of the crystallographically defined
EPO-agonist peptide (41) bound to its receptor. A solution
structure of the free EPO-agonist peptide has not been
reported.
The p1-01 peptide appears to represent a novel structural

motif for binding the IGF-1 binding site of IGFBP-1. In a
sequence comparison to IGF-1, the p1-01 peptide contains
only a short segment, LQWLC10, whose sequence is similar
to the C-terminal portion of IGF-1 helix 1, LQFVC18.
Although the backbone and some side chain atoms of these
segments can be overlaid reasonably well [rms deviation of
N, CR, and C atoms is 0.66 Å between the minimized mean
structures from the p1-01 and IGF-1 ensembles (44)], these
residues are not thought to interact with IGFBP-1. In IGF-
1, mutations of Q15 have little effect on IGFBP-1 binding,
mutations of F16 do reduce IGFBP-1 binding but are thought

to do so by destabilizing the native IGF-1 fold, while residues
L14, V17, and C18 are all buried and therefore cannot contact
IGFBP-1 directly unless the IGF-1 undergoes a very large
structural reorganization upon binding (8). Thus, this limited
sequence similarity between p1-01 and IGF-1 likely has little
functional significance.
In an effort to identify any common structural features

between the peptide and IGF-1, residues Pro5-Phe14 of p1-
01 were overlaid on all contiguous 10-residue fragments of
IGF-1 (44) and mini-IGF-1 (45). Although rms displacement
of backbone atoms was low (<1.0 Å) for some of these
overlays, there was little or no sequence identity between
the peptide and these protein segments. Further, the regions
of structural similarity did not encompass those regions of
IGF-1 that have been shown by mutagenesis to be important
for IGFBP-1 binding, namely, residues at the N terminus
and residues 49-51 (12-14). Thus, although IGF-1 and
p1-01 share helical regions in their structures, an epitope
common to both is not apparent. This conclusion, however,
is subject to the caveat that either molecule may change
conformation upon binding to IGFBP-1.
A search of the protein database [Dayhoff version 34.233;

SwissProt 34 (October 1996); PIR 53 (June 1997)] revealed
sequence similarities of 60-75% between p1-02 and short
fragments (12-16 residues) of several diverse proteins,
including mitochondrial processing peptidase (OCMPP_1),
hepatitis C core protein (HCU21254_1), and ape leukemia
virus receptor (I48084). None of these proteins has obvious
structural or functional relevance to IGF-1 or its binding
proteins.
The peptides reported here bind IGFBP-1 with much lower

affinity than does IGF-1, which has an apparentKd of about
1 nM (8). Affinity maturation (see, e.g., refs21 and 40)
using monovalent phage display may yield improved binding
affinities for these peptides. Furthermore, an understanding
of the specific interactions involved in the binding of peptides
with defined structures such as p1-01 should facilitate the
design of smaller molecules with improved oral bioavail-
ability by mimicking the binding determinants of such
peptides on organic scaffolds. Such molecular mimicry has
already been employed using peptide leads to generate small
molecule drugs (46), and the development of a systematic
means of generating such leads, either through protein
minimization (47, 48) or through selection of structured
peptides from diversity libraries (41; reviewed in ref32),
should facilitate these efforts.
A Mechanism for in ViVo ActiVity of a Receptor-InactiVe

IGF Variant. In vivo experiments show that the IGF-1
variant rh Y24L/Y31A IGF-1 can mimic IGF-1 activity on
insulin secretion and blood glucose (Figure 4). Since this
variant lacked receptor binding (15-17) and receptor-
mediated activity in in vitro KIRAs, its action is consistent
with an “indirect agonist” effect. Such competition could
occur in vivo through kinetic trapping of newly synthesized
IGFBPs or through mass action, in which IGF-1 first
dissociates from IGFBP-bound complexes (Figure 5). Con-
sidering the previously reported slow kinetics for dissociation
(t1/2 ) 1-5 h) of IGF-1 from IGFBP complexes (8, 49), it
seems likely that the former mechanism dominates in vivo.
Potential for Therapeutic DeVelopment. The in vivo

results with growth-deficient rats suggest that rh Y24L/Y31A
IGF-1 shows IGF-like growth effects (Table 2) by displacing

FIGURE 4: Effects on IGF-1 variants on insulin and glucose levels.
Chronically cannulated, conscious obese male Zucker diabetic fatty
(ZDF) rats (panels A and B) or normal SD rats (panels C and D)
were given a single intravenous (iv) injection of 100µg of rhIGF-1
(O), rh Y24L/Y31A IGF-1 (b), or excipient (0). At time points
after the injections, insulin values (panels A and C) and glucose
levels (panels B and D) are shown as mean( SEM.
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IGF-1 from its binding proteins. This occurs despite a
paradoxical decrease in the total amount of circulating
endogenous IGF-1 in the rat. In addition, the long-term
effects in vivo of rh Y24L/Y31A IGF-1 suggest that
tachyphylaxis may not reduce the effectiveness of a treatment
involving IGF displacement from the binding proteins,
provided that IGF-1 generation (for example, by stimulation
of GH) is maintained. The results with diabetic rats also
demonstrate for the first time that a liberation of endogenous
IGF-1 from binding proteins can compensate for a reduction
in insulin levels and lead to a maintained or reduced level
of blood glucose. We have not tested the peptides in these
rodent models because they do not inhibit the binding of
IGF-1 to rat IGFBP-1 in vitro (data not shown). The peptides
were selected for binding to human IGFBP-1, and it is
perhaps not surprising that they show species specificity since
they do show high specificity in inhibiting binding of IGF-1
to human IGFBP-1 but not human IGFBP-3 (Figure 1).
After this work was completed, work by Loddick et al.

(18) was published showing that a similar variant of IGF-1
was neuroprotective in a rat model of brain damage,
apparently acting by displacing IGF from its binding protein-
(s). Small molecules developed through molecular mimicry
have the potential advantage of oral bioavailability, and
perhaps greater accessibility to the central nervous system.
The design of molecules specific for the individual binding
proteins may also enhance the specificity of IGF-1 liberation,
since different IGFBPs are produced at different target sites

within the body. The activity of indirect agonists will be
limited by the amount of endogenous IGF-1 available for
displacement. However, this could be a therapeutic advan-
tage under circumstances in which a limited effect is
desirable, as for instance in the case of an acute hypogly-
cemia induced by an oral agent. Ongoing studies will
explore the utility of IGF mimics as indirect agonists in vivo.
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