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ABSTRACT: The bioavailability of insulin-like growth factor I (IGF-I) in the serum and tissues is controlled
by members of the IGF binding protein family (IGFBP). These proteins form high-affinity complexes
with IGF-I and thereby either inhibit or potentiate its mitogenic and metabolic effects. Thus, understanding
the IGF-IGFBP interaction at the molecular level is crucial for attempts to modulate IGF-I activity in
vivo. We have systematically investigated the binding contribution of each IGF-I amino acid side chain
toward IGFBP-1 and IGFBP-3, combining alanine-scanning mutagenesis and monovalent phage display.
Surprisingly, most IGF-I residues could be substituted by alanines, resulting in less than 5-fold affinity
losses for IGFBP-3. In contrast, binding of IGFBP-1 was more sensitive to alanine substitutions in IGF-I.
The glutamate and phenylalanine at positions 3 and 49 were identified as major specificity determinants
for IGFBP-1: the corresponding alanine mutations, E3A and F49A, selectively decreased IGFBP-1 binding
by 34- and 100-fold, whereas IGFBP-3 affinity was not affected or reduced maximally 4-fold. No side
chain specificity determinant was found for IGFBP-3. Instead, our results suggest that the N-terminal
backbone region of IGF-I is important for binding to IGFBP-3. The fact that the functional binding epitopes
on IGF-I are overlapping but distinct for both binding proteins may be exploited to design binding protein-
specific IGF variants.

The insulin-like growth factors I and II mediate multiple
effects in vivo, including cell proliferation, cell differentia-
tion, inhibition of cell death, and insulin-like activity
(reviewed in refs1 and 2). Most of these mitogenic and
metabolic responses are initiated by activation of the IGF-I1

receptor, anR2â2 heterotetramer closely related to the insulin
receptor (3, 4). Both proteins are members of the tyrosine
kinase receptor superfamily and share common intracellular
signaling cascades (2). IGF-insulin hybrid receptors have
been isolated, but their function is unknown. The IGF-I and
insulin receptors bind their specific ligands with nanomolar
affinity. IGF-I and insulin can cross-react with their respec-
tive noncognate receptors, albeit at a 100-1000-fold lower
affinity (2). The crystal structure describing part of the
extracellular portion of the IGF-I receptor has recently been
reported (5).

Unlike insulin, the activity and half-life of IGF-I is
modulated by six IGF-I binding proteins (IGFBP’s 1-6) and
perhaps additionally by a more distantly related class of

proteins (6). IGFBP’s can either inhibit or potentiate IGF
activity, depending on whether they are soluble or cell
membrane associated (7). The classical IGFBP’s have a
molecular mass ranging from 22 to 31 kDa and contain a
total of 16-20 cysteines in their conserved amino- and
carboxy-terminal domains (7-9). The central domain con-
necting both cysteine-rich regions is only weakly conserved
and contains the cleavage sites for IGFBP-specific proteases
(9-11). Further regulation of the IGFBP’s may be achieved
by phosphorylation and glycosylation (7, 9). There is no high-
resolution structure available for any intact member of the
IGFBP family. However, the NMR structures of two N-
terminal fragments from IGFBP-5 which retain IGF-binding
activity have recently been reported (12).

IGF-I is a single-chain 70 amino acid protein with high
homology to proinsulin. Unlike the other members of the
insulin superfamily, the C region of the IGF’s is not
proteolytically removed after translation. The solution NMR
structures of IGF-I (13, 14), mini-IGF-I (an engineered
variant lacking the C-chain;15), and IGF-II (16, 17) have
been reported. It is generally accepted that distinct epitopes
on IGF-I are used to bind receptor and binding proteins.
While residues Y24, Y29, Y31, and Y60 are implicated in
receptor binding, IGF mutants thereof still bind to IGFBP’s
(18-21). A multitude of mutagenesis studies have addressed
the characterization of the IGFBP binding epitope on IGF-I
(22-27). In summary, N-terminal residues 3 and 4 and the
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helical region comprising residues 8-17 were found to be
important for binding to the IGFBP’s. Additionally, an
epitope involving residues 49-51 in binding to IGFBP-1,
-2, and -5 has been identified (25). Furthermore, a naturally
ocurring truncated form of IGF-I lacking the first three
N-terminal amino acids [called des(1-3)-IGF-I] was dem-
onstrated to bind IGFBP-3 with 25 times lower affinity (28).
In an attempt to characterize the binding contributions of
exposed amino acid residues in the N-terminal helix, several
alanine mutants of IGF-I were constructed (29). However,
the circular dichroism spectra of these mutant proteins
showed structural changes compared to wild-type IGF-I,
making it difficult to clearly assign IGFBP binding contribu-
tions to the mutated side chains. A different approach was
taken in a very recent study where the IGFBP-1 binding
epitope on IGF-I was probed by heteronuclear NMR
spectroscopy (30). The authors additionally identified resi-
dues R36, R37, and R50 to be functionally involved in
binding to IGFBP-1.

Despite all these efforts, our view of the IGFBP binding
epitope on IGF-I remains diffuse and at low resolution. The
previous studies most often involved insertions of homolo-
gous insulin regions into IGF-I or protein truncations [e.g.,
des(1-3)-IGF-I]. Theoretically, these IGF-I variants can be
either misfolded, lack energetically important side chains and
polypeptide backbone contacts, or contain insulin residues
that abolish IGFBP binding, for example, by charge repulsion
or steric hindrance. It is difficult to differentiate between
these effects in order to explain any observed affinity changes
for the IGFBP’s. Combining the results of all these earlier
studies is further complicated by the fact that different
techniques were used to analyze complex formation of the
mutant IGF forms with the IGFBP’s, ranging from radiola-
beled ligand binding assays to biosensor analysis. To
circumvent these problems, we have systematically probed
the binding contribution of each IGF-I side chain toward
IGFBP-1 and IGFBP-3 by alanine-scanning mutagenesis (31,
32). For practical reasons a phage display format was chosen,
allowing for fast mutagenesis, isolation, and assay of IGF-I
variants. The results obtained by phage ELISA yielded a
high-resolution view of the respective functional binding
epitopes for IGFBP-1 and IGFBP-3. Soluble mutants of
interest were expressed, purified, and further characterized
by biosensor analysis. The results of this study suggest that
the binding epitopes for IGFBP-1 and IGFBP-3 are overlap-
ping but distinct. Many more important side chain interac-
tions were found for IGFBP-1 than for IGFBP-3, suggesting
the involvement of the IGF-I backbone in binding to IGFBP-
3. On the basis of our results the construction of binding
protein-specific IGF mutants should be achievable. Such
variants would be useful for testing the in vivo role of the
binding proteins.

EXPERIMENTAL PROCEDURES

Construction of Phagemid Vector and Mutagenesis.The
gene encoding mature human IGF-1 was amplified from
pBKIGF2B (33) using PCR primers 5′-AGC TGC TTT GAT
ATG CAT CTC CCG AAA CTC TGT GCG GT-3′ and 5′-
GAG CGA TCT GGG TCT AGA CAG ATT TAG CGG
GTT TCA G-3′. The resulting fragment was cut withNsiI
andXbaI and ligated into pH0753 previously digested with
NsiI and XbaI. pH0753 is a derivative of phGHam-g3 (34)

in which the additionalXbaI site in the alkaline phosphatase
promoter (PhoA) region has been deleted using the oligo-
nucleotide 5′-AAA AGG GTA TGT AGA GGT TGA GGT-
3′. The ligated vector pH0753 containing the IGF-I open
reading frame was named pIGF-g3. It encodes for IGF-I
harboring the double mutation G1S-A70V fused to a frag-
ment of the gene III protein (residues 249-406) from the
Escherichia colibacteriophage M13. This construct includes
the stII signal sequence which directs the fusion protein to
the periplasmic space ofE. coli and allows monovalent
display of the protein (34). Binding of G1S-A70V IGF-I to
IGFBP-1 and -3 was found to be indistinguishable from wild-
type IGF-I. Alanine mutagenesis was performed using single-
stranded plasmid pIGF-g3 as template (35). All residues of
IGF-I with the exception of cysteines and alanines were
singly replaced by alanine. The resulting constructs were
verified by DNA sequencing.

Binding of IGF Mutants Displayed on Phage to IGFBP-1
and -3 (Phage ELISA).Recombinant human IGFBP-1 and
IGFBP-3 have previously been cloned and expressed in
mammalian cells (36) and purified from conditioned media
using an IGF affinity column (37). The recombinant material
used here has been examined previously in studies of IGF-I
binding and activity (21, 38).

Immunosorbent plates (Nunc, Maxisorp, 96 wells) were
coated with 100µL/well of 1 µg/mL IGFBP-1 or IGFBP-3
in PBS buffer, pH 7.2, at 4°C overnight. The plates were
then blocked with 0.5% Tween 20/PBS (also used as binding
buffer) for 2 h atroom temperature (proteinaceous blocking
agents such as bovine serum albumin were avoided to prevent
potential IGF or IGFBP contamination).E. coli cells (XL1-
Blue, Stratagene) freshly transformed with phagemid vector
were grown overnight in 5 mL of 2YT medium (40) in the
presence of M13-VCS helper phage (Stratagene). Phage
particles were harvested and resuspended in PBS buffer as
described (39). Then phage concentrations were normalized
to yield a maximal ELISA signal of 0.2-0.4 for each mutant
(39). Threefold serial dilutions of soluble competitor were
prepared in nonabsorbent microtiter plates (Nunc, F, 96
wells) with binding buffer (0.5% Tween 20/PBS) containing
phage at the previously determined concentrations. The
dilution range of competitor protein extended over 6 orders
of magnitude, starting at 5µM for IGFBP-1 and 500 nM
for IGFBP-3. After blocking, the plates containing im-
mobilized target were washed with 0.05% Tween 20/PBS
buffer and subsequently incubated with 80µL/well premixed
phage-competitor solutions for 1 h at room temperature.
After washing, bound phage was detected with 80µL/well
of a solution containing a primary rabbit anti-phage poly-
clonal antibody and a secondary goat anti-rabbit mAb
horseradish peroxidase conjugate in 0.5% Tween 20/PBS.
o-Phenylenediamine (Sigma) and tetramethylbenzidine
(Kirkegaard and Perry) were used as chromogenic substrates,
resulting in product detection at 492 and 450 nm, respec-
tively. IC50 values were determined by fitting the binding
data to a generic saturation curve (39). At least two individual
clones of each IGF-I mutant were assayed. The numbers in
Table 1 represent the mean( standard deviation of individu-
ally assessed IC50 values.

Expression and Purification of Soluble IGF-I Mutants.
Plasmid pBKIGF2B (33) expresses human wild-type IGF-I
fused to the leader peptide oflamB under the control of the
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PphoA promotor. For ease of site-directed mutagenesis the
phage f1 origin of replication (f1 ori) was introduced into

plasmid pBKIGF2B. For that purpose a 466 bpBamHI
fragment containing the f1 ori was excised from pH0753

Table 1: Apparent Affinities (IC50) of IGF-I Variants for IGFBP-1 and IGFBP-3 Determined by Phage Displaya

IGFBP-1 IGFBP-3
IGF-I
mutant IC50 (nM) relative IC50 IC50 (nM) relative IC50

relative
specificity

S1A 5.2( 0.9 0.6( 0.1 0.91( 0.32 1.2( 0.4 0.5
P2A 11.0( 3.7 1.3( 0.5 0.81( 0.18 1.1( 0.2 1.2
E3A 278( 86 33.9( 10 1.05( 0.08 1.4( 0.1 24.2
T4A 19.4( 6.4 2.4( 0.8 0.80( 0.02 1.1( 0.03 2.2
L5A 55.3( 11.6 6.7( 1.4 1.53( 0.22 2.0( 0.3 3.3
G7A >1000 >100 4.58( 0.28 6.1( 0.4 >16
E9A 8.6( 0.6 1.0( 0.1 1.32( 0.30 1.8( 0.4 0.6
L10A 311( 87 37.9( 11 3.55( 0.33 4.7( 0.4 8.1
V11A* nd nd
D12A 4.3( 0.8 0.5( 0.1 1.49( 0.38 2.0( 0.5 0.3
L14A 36.7( 1.1 4.5( 0.1 0.90( 0.04 1.2( 0.1 3.7
Q15A 13.9( 0.9 1.7( 0.1 1.26( 0.41 1.7( 0.6 1.0
F16A 57.8( 20.1 7.0( 2.5 1.32( 0.25 1.8( 0.3 4.0
V17A 42.9( 3.2 5.2( 0.4 3.67( 1.02 4.9( 1.4 1.1
G19A 11.0( 2.3 1.3( 0.3 0.90( 0.28 1.2( 0.4 1.1
D20A 8.4( 4.1 1.0( 0.5 1.11( 0.06 1.5( 0.1 0.7
R21A 7.1( 1.6 0.9( 0.2 0.58( 0.01 0.8( 0.01 1.1
G22A 15.9( 2.8 1.9( 0.3 2.07( 0.11 2.8( 0.2 0.7
F23A 10.9( 1.9 1.3( 0.2 2.18( 0.01 2.9( 0.01 0.5
Y24A 13.3( 2.9 1.6( 0.4 2.53( 0.76 3.4( 1.0 0.5
F25A 181( 46 22.1( 5.6 3.69( 0.25 4.9( 0.3 4.5
N26A 9.1( 1.8 1.1( 0.2 0.90( 0.07 1.2( 0.1 0.9
K27A 12.8( 0.1 1.6( 0.01 0.66( 0.35 0.9( 0.5 1.8
P28A 9.3( 1.4 1.1( 0.2 1.41( 0.05 1.9( 0.1 0.6
T29A 7.3( 2.4 0.9( 0.3 1.23( 0.16 1.6( 0.2 0.5
G30A 7.1( 1.7 0.9( 0.2 0.58( 0.11 0.8( 0.2 1.1
Y31A 6.8( 0.5 0.8( 0.1 0.73( 0.10 1.0( 0.1 0.9
G32A 10.9( 1.3 1.3( 0.2 0.76( 0.28 1.0( 0.4 1.3
S33A 9.1( 1.0 1.1( 0.1 1.01( 0.24 1.3( 0.3 0.8
S34A 9.5( 0.7 1.2( 0.9 1.65( 0.21 2.2( 0.3 0.5
S35A 11.7( 0.6 1.4( 0.1 0.47( 0.01 0.6( 0.01 2.3
R36A* nd nd
R37A 12.3( 0.1 1.5( 0.01 0.75( 0.08 1.00( 0.1 1.5
P39A* nd nd
Q40A 10.2( 0.9 1.2( 0.1 0.56( 0.03 0.7( 0.04 1.7
T41A 13.7( 3.1 1.7( 0.4 0.43( 0.06 0.6( 0.1 2.9
G42A 15.7( 3.4 1.9( 0.4 0.53( 0.20 0.7( 0.3 2.7
I43A 31.3( 4.1 3.8( 0.5 1.17( 0.07 1.6( 0.1 2.4
V44A 18.8( 5.4 2.3( 0.7 1.03( 0.06 1.4( 0.1 1.7
D45A 4.7( 0.7 0.6( 0.1 0.69( 0.21 0.9( 0.3 0.6
E46A 7.9( 2.1 1.0( 0.3 0.94( 0.28 1.3( 0.4 0.8
F49A >1000 >100 2.72( 1.11 3.6( 1.5 >28
R50A 16.2( 1.8 2.0( 0.2 0.64( 0.18 0.9( 0.2 2.3
S51A 13.4( 0.4 1.6( 0.1 0.65( 0.35 0.9( 0.5 1.9
D53A 15.3( 2.8 1.9( 0.3 1.05( 0.11 1.2( 0.3 1.6
L54A 23.1( 12.0 2.8( 1.5 1.83( 0.91 2.4( 1.2 1.2
R55A 9.0( 2.3 1.1( 0.3 0.66( 0.03 0.9( 0.04 1.2
R56A 13.1( 1.8 1.6( 0.2 1.00( 0.19 1.3( 0.3 1.2
L57A 21.8( 5.6 2.7( 0.7 1.78( 0.56 2.4( 0.8 1.1
E58A 11.9( 1.8 1.5( 0.2 1.03( 0.47 1.4( 0.6 1.1
M59A 13.1( 1.8 1.6( 0.2 0.74( 0.14 1.0( 0.2 1.6
Y60A 6.6( 1.8 0.8( 0.2 0.52( 0.01 0.7( 0.01 1.2
P63A >1000 >100 >100 >100
L64A 12.1( 3.3 1.5( 0.4 0.93( 0.03 1.2( 0.04 1.2
K65A 12.4( 0.6 1.5( 0.1 0.69( 0.05 0.9( 0.1 1.6
P66A 9.4( 3.2 1.1( 0.4 0.57( 0.12 0.8( 0.2 1.5
K68A 10.5( 2.8 1.3( 0.3 0.76( 0.23 1.0( 0.3 1.3
S69A 12.8( 2.3 1.6( 0.3 0.71( 0.62 1.2( 0.5 1.3
V70A 19.1( 0.7 2.3( 0.1 0.68( 0.15 0.9( 0.2 2.6
S1G 11.2( 1.1 1.4( 0.1 0.99( 0.42 1.3( 0.6 1.0
IGF-I WT 8.4( 0.8 1.0( 0.1 1.01( 0.42 1.3( 0.6 0.8
G1S-A70V 8.2( 1.6 1.0( 0.2 0.75( 0.32 1.0( 0.4 1.0
Ala(1-3)-IGF 90.4( 9.6 11.0( 1.2 1.12( 0.04 1.5( 0.05 7.3
des(1-2)-IGF 5.0( 0.1 0.6( 0.02 0.53( 0.03 0.7( 0.04 0.9

a IC50 values for each mutant were determined by phage ELISA as shown in Figure 1. The variants denoted with an asterisk were not successfully
displayed on phage (nd), as judged by antibody experiments (see Results section for details). Relative IC50 is defined as IC50 mut/IC50 G1S-A70V.
Relative specificity is defined as relative IC50 IGFBP-1/relative IC50 IGFBP-3 for each variant. Values are the mean( SD, n g 2.
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(34) while plasmid pBKIGF2B was linearized withEcoRI.
The vector and fragment were both treated with Klenow
enzyme to fill in restriction site overhangs prior to blunt-
end ligation. Correct constructs were selected for the ability
to produce single-stranded phagemid DNA in the presence
of M13VCS helper phage. The resulting phagemid vector
was named pBKIGF2B-f1-ori and was used as a template
to construct the IGF-I Ala mutants of interest (see Table 2)
using the procedure of Kunkel et al. (35). Every mutagenesis
step was confirmed by DNA sequencing.

Expression of IGF-I mutants was as described for the IGF-I
wild type (41) but without transient overexpression of
oxidoreductases. The purification procedure was based on a
previous protocol (42) with minor adaptations. Typically, 6
g of wet cell paste (equivalent to 2 L of low phosphate
medium grown for 24 h) was resuspended in 150 mL of 25
mM Tris-HCl, pH 7.5, containing 5 mM EDTA. Cells were
lysed in a microfluidizer (Microfluidics Corp., Newton, MA),
and refractile particles containing accumulated IGF-I ag-
gregates were collected by centrifugation at 12000g. Re-
fractile particles were washed twice with lysis buffer, twice
with lysis buffer containing 1%N-lauroylsarcosine (Sigma)
in order to extract membrane proteins, and twice with lysis
buffer again. Washed refractile bodies were resuspended at
approximately 2 mg/mL in 50 mM CAPS [3-(cyclohexyl-
amino)-1-propanesulfonic acid; Sigma] buffer, pH 10.4,
containing 2 M urea, 100 mM NaCl, 20% MeOH, and 2
mM DTT. This procedure combines solubilization of refrac-
tile bodies and subsequent oxidative refolding of IGF-I
mutants (42). After 3 h at room temperature the refolding
solutions were filtered through microconcentrator membranes
(Centricon, Amicon) with a molecular mass cutoff of 50 kDa.
The majority of monomeric IGF-I is recovered in the eluate,
while higher molecular weight contaminants are concentrated
in the retentate. At this point IGF-I fractions were>95%
pure, as judged from SDS-PAGE analysis. To separate

correctly disulfide-bonded IGF-I from IGF swap (containing
two non-native disulfides;43, 44) refolding solutions were
acidified with 5% acetic acid and loaded on a Dynamax C18
semipreparative HPLC column (Varian; 10.0 mm i.d.) at 4
mL/min. Buffers were H2O/0.1% TFA (A) and acetonitrile/
0.1% TFA (B). Separation of the disulfide isomers was
achieved by applying the following gradient: 0-30%
bufferB in 20 min and 30-45% buffer B in 60 min. IGF
swap and correctly folded IGF-I eluted in two distinct peaks
with baseline separation. The identity of the eluted IGF-I
mutants was verified by mass spectrometry of each HPLC
peak, which also confirmed homogeneity of the samples. The
material of both peaks was assayed for binding to IGFBP-1
and IGFBP-3 in order to identify the peak containing IGF-I
with the correct disulfide linkages. The incorrect disulfide
isomer always eluted earlier than the correctly folded form,
and the ratio was approximately 1:2 for all tested variants.
After HPLC purification, samples were lyophilized and
reconstituted at approximately 1 mg/mL in 100 mM HEPES
buffer, pH 7.4. Specific protein concentration was assessed
by the BCA method (Pierce) using a wild-type IGF-I standard
previously determined by quantitative amino acid analysis.

Biosensor Kinetic Measurements.The binding affinities
of the IGF variants for IGFBP-1 and IGFBP-3 were
determined using a BIAcore-2000 real time kinetic interac-
tion analysis system (Biacore, Inc., Piscataway, NJ) to
measure association (ka) and dissociation (kd) rates. Car-
boxymethylated Dextran biosensor chips (CM5, BIAcore
Inc.) were activated with EDC [N-ethyl-N′-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride] and NHS (N-
hydroxysuccinimide) according to the supplier’s instructions.
For immobilization, IGF mutants in 20 mM sodium acetate,
pH 4.8, were injected onto the biosensor chip at a concentra-
tion of 50 µg/mL to yield approximately 450-600 RU’s
(resonance responce units) of covalently coupled protein.
Unreacted groups were blocked with an injection of 1 M

Table 2: Kinetic Parameters for the Interaction of Purified IGF-I Mutants with IGFBP-1 and IGFBP-3 Determined by BIAcore Analysis

binding to IGFBP-1

ka (×104 M-1 s-1) kd (×10-4 s-1) KD (nM) relativeKD
a relative IC50

a

IGF-I WT 3.2( 0.2 4.1( 0.2 13.0( 1.0 1.0 1.0
G1S-A70V 3.2( 0.2 4.5( 0.01 14.0( 0.7 1.1 1.0
T4A 1.9( 0.2 16.7( 1.6 90.0( 11.0 6.9 2.4
V11A 1.9( 0.1 12.3( 0.6 66.5( 4.5 5.1
F16A 1.9( 0.6 60.3( 4.5 321( 98 25 6.0
F25A 1.5( 0.5 49.0( 5.7 323( 107 25 22
R36A 4.0( 0.2 5.6( 0.2 13.9( 0.8 1.1
P39A 3.1( 0.2 4.2( 0.1 13.6( 0.8 1.0
F49A 1.3( 0.8 115( 1.5 913( 551 70 >100
P63A 3.0( 0.4 3.5( 0.2 11.7( 1.8 0.9 >100

binding to IGFBP-3

ka (×105 M-1 s-1) kd (×10-4 s-1) KD (nM) relativeKD
a relative IC50

a

IGF-I WT 3.2( 0.5 4.7( 0.8 1.5( 0.3 1 1.4
G1S-A70V 2.9( 0.8 6.3( 0.5 2.2( 0.6 1.5 1
T4A 1.8( 0.6 5.5( 0.1 3.1( 1.0 2.1 1.1
V11A 3.1( 0.5 20.9( 2.8 6.7( 1.3 4.5
F16A 1.1( 0.4 11.4( 2.7 10.3( 4.7 6.9 1.8
F25A 1.5( 0.1 11.8( 0.1 7.7( 0.3 5.1 4.9
R36A 4.0( 0.1 4.7( 0.2 1.2( 0.1 0.8
P39A 2.7( 0.2 6.0( 0.3 2.2( 0.2 1.5
F49A 2.7( 0.7 17.1( 0.9 6.3( 1.7 4.2 3.6
P63A 3.1( 0.5 3.9( 0.3 1.3( 0.3 0.9 >100

a The relative changes in dissociation constants (KD mut/KD wt) are compared to the relative IC50 values (IC50 mut/IC50 G1S-A70V) determined by phage
display (Table 1).
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ethanolamine. Kinetic measurements were carried out by
injecting 2-fold serial dilutions (starting at 1µM) of either
IGFBP-1 or IGFBP-3 in running buffer (PBS, 0.05% Tween
20, 0.1% ovalbumin, 0.01% sodium azide) at 25°C using a
flow rate of 20µL/min. Association rates (ka) and dissociation
rates (kd) were calculated separately using a 1:1 Langmuir
association model in the BIAcore evaluation software version
3.0. The equilibrium dissociation constant (KD) was calcu-
lated askd/ka.

RESULTS

MonoValent Phage Display of IGF-I.To perform a rapid
and comprehensive alanine scan of the 70 amino acid
residues of IGF-I, we first tested whether the protein could
be monovalently displayed on the surface of phage M13 (45).
Phage display technology combines the advantage of rapid
single-stranded DNA mutagenesis with an easy purification
of the resulting mutant protein, simply by isolation of the
corresponding phage particles (e.g.,46). For cloning purposes
the first and the last amino acids of IGF-I were changed from
Gly to Ser and from Ala to Val, respectively (termed IGF-I
G1S-A70V). When phage particles displaying IGF-I G1S-
A70V were isolated and assayed in a binding competition
phage ELISA for their affinity to IGFBP’s, the half-maximal
inhibitory concentrations (IC50) determined in that experiment
were 8.5 nM for IGFBP-1 and 0.5 nM for IGFBP-3 (Figure
1). These values are in good agreement with dissociation
constants determined by BIAcore experiments using wild-
type IGF-I (this study;28). Wild-type IGF-I affinities
determined by radioactive immunoassays (RIA) are∼2.8 nM
for IGFBP-1 and∼0.8 nM for IGFBP-3 (P. Fielder, personal
communication), further supporting our IC50 values derived
from phage ELISA. Additionally, phage particles displaying
IGF-I G1S-A70V were efficiently captured by 11 indepen-
dent monoclonal mouse anti-IGF-I antibodies immobilized
on microtiter plates (data not shown). These results together
suggested that the displayed IGF variant is folded correctly
and accessible on the surface of the phage particles.

Ala-Scanning Mutagenesis of IGF-I Binding to IGFBP-1
and IGFBP-3.All residues of IGF-I G1S-A70V with the
exception of the four native alanines and six cysteines were
singly substituted by alanine, using the described IGF-I G1S-
A70V gIII vector as a template. Additionally, the single
mutants S1G and V70A and the double mutation restoring
wild-type IGF-I were constructed. Each of these constructs
was expressed inE. coli and displayed on phage. IC50 values
for binding to IGFBP-1 and IGFBP-3 were determined by
competitive phage ELISA as shown in Figure 1. At least
two different clones of every mutant were tested. The
resulting IC50 values are listed in Table 1, and the loss or
gain in IC50 for each mutant with respect to G1S-A70V is
graphed in Figure 2.

The majority of the Ala mutants yielded only minor
changes in IC50 values in the phage ELISA. Importantly,
wild-type IGF-I showed the same affinities for IGFBP-1 and
IGFBP-3 as G1S-A70V in which background the alanine
substitutions were perfomed (Table 1, Figure 2). Only a few
residues caused considerable (>10-fold) losses in affinity
when changed to alanine: E3, G7, L10, V11, F25, R36, P39,
F49, and P63 for IGFBP-1 binding; V11, R36, P39, and P63
for IGFBP-3 binding. To probe whether Ala substitutions

caused negative effects on the structure or the expression of
the displayed variants, we tested whether the mutants
showing>10-fold loss of affinity for both IGFBP’s (V11A,
R36A, P39A, P63A) were recognized by a collection of
monoclonal antibodies raised against wild-type IGF-I. Of
these tested variants V11A, R36A, and P39A were not
recognized at all by the antibodies or gave only poor ELISA
signals (data not shown). This result indicates that these three
mutants are either partially unfolded or not displayed on
phage, due to lack of expression or packaging into phage
particles. The fact that P63A is recognized by the majority
of our antibodies demonstrates that this variant is displayed.
However, it does not rule out the possibility that the structure
of this variant undergoes local perturbations, since we do
not know to which exact locations our antibodies map on
the structure of IGF-I. Furthermore, it has been noted that
Ala substitutions of glycines and prolines can lead to
structural perturbations of the protein backbone (47; see also
Discussion).

We found only a few modest improvements in binding
affinity by alanine replacements. S1A, D12A, and D45A
showed an approximately 2-fold increase in IGFBP-1 bind-
ing, while S35A and T41A showed a similar effect for
IGFBP-3. However, 2-fold changes in IC50 values are at the
limit of precision in these experiments.

IGFBP Specificity Determinants.E3A, G7A, L10A, F25A,
and F49A show a differential effect in binding IGFBP-1

FIGURE 1: Phage ELISA of G1S-A70V IGF-I binding to IGFBP-1
and IGFBP-3. Microtiter plates coated with 1µg/mL IGFBP-1 (A)
or IGFBP-3 (B) were incubated with phage particles displaying
G1S-A70V in the presence of the indicated amounts of soluble
competitor protein, IGFBP-1 (A) or IGFBP-3 (B). The inhibitory
concentration (IC50) of competitor which resulted in half-maximal
binding of the phagemid in that particular experiment is denoted
for the respective IGFBP.
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versus IGFBP-3. For these five IGF-I single Ala mutants
the relative IC50 for IGFBP-1 differs by more than 4-fold
from the one for IGFBP-3 (Figure 2; Table 1, relative
specificity). E3A and F49A show the biggest relative
specificity factors in this group. Alanine substitution of E3
has virtually no effect on IGFBP-3 affinity (1.4-fold) while
binding to IGFBP-1 is weakened 34-fold. Even more
dramatic, the affinity of F49A is down more than 100-fold

for IGFBP-1 but only 3.6-fold for BP-3. This result is
illustrated in a direct comparison by phage ELISA. Phage
particles displaying IGF-I F49A were added to IGFBP-3
coated wells in the presence of soluble IGFBP-1 (Figure 3A)
or IGFBP-3 (Figure 3B). Compared to control phage
displaying IGF-I G1S-A70V, the binding curve of F49A
shifts by more than 2 orders of magnitude in the IGFBP-1
competition (Figure 3A). In contrast, the binding curves are

FIGURE 2: Loss or gain of IGFBP affinity for the IGF-I mutants tested by phage ELISA. Relative IC50 values (IC50 mut/IC50 G1S-A70V) of
each IGF-I mutant are shown for IGFBP-1 (filled bars) and IGFBP-3 (open bars). Data are taken from Table 1. Relative IC50 values<1
denote gain of affinity; values>1 denote loss of affinity. The asterisks indicate that these particular variants were not displayed on phage,
as judged by antibody binding.
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similar in the IGFBP-3 competition, and the IC50 values differ
by less than a factor of 4 (Figure 3B). Thus, E3 and F49 are
two major specificity determinants for IGFBP-1 binding in
the IGF-I molecule.

Residues G7, L10, and F25 seem to be important for
binding of both IGFBP’s, although showing a more pro-
nounced loss of affinity for IGFBP-1 than for IGFBP-3 when
substituted by alanines. We did not identify any significant
specificity determinant for IGFBP-3, such as a mutant
binding much tighter to IGFBP-1 than to IGFBP-3. However,
mutations E9A, D12A, F23A, Y24A, T29A, S34A, and
D45A had slightly larger (about 2-fold) effects on IGFBP-3
than on IGFBP-1 binding.

BIAcore Measurements of Purified Soluble IGF Mutants.
To validate the results obtained by phage ELISA, we
expressed and purified specific alanine mutants for kinetic
analysis using a BIAcore instrument. The dissociation
constant (KD) of wild-type IGF-I was determined to be 13
nM for IGFBP-1 and 1.5 nM for IGFBP-3 (Figure 4A,B;
Table 2). The difference in affinity for the IGFBP’s is due
to a 10-fold faster association rate (ka) of IGF-I to IGFBP-3
(3.2 × 105 versus 3.2× 104 M-1 s-1). These results
correspond well with the absolute IC50 values determined
by phage ELISA (Figure 1A,B; Table 1). As expected, the
double mutant G1S-A70V showed kinetic parameters es-
sentially indistinguishable from wild type (Table 2).

V11A, R36A, and P39A were tested because these variants
had not been displayed correctly on phage, based upon the
antibody recognition experiments (see above). R36A and
P39A showed wild-type kinetics for both binding proteins,
whereas V11A showed a 5-fold reduction in affinity for both
IGFBP-1 and IGFBP-3.

Furthermore, we decided to examine the soluble IGF
variant T4A. This residue had been implicated in IGFBP
binding in earlier publications (22, 24) but had shown modest
effects in our phage assays. The increase in theKD values
of T4A relative to wild-type IGF-I is approximately 2-3-
fold higher than the IC50 ratios determined by phage ELISA
(Table 2). A bigger discrepancy between the results obtained
by phage and the biosensor analysis is seen for F16A. In
this case the two methods differ by a factor of 4. It has been
shown that mutations in the firstR-helical region have a
destabilizing effect on the IGF-protein structure (29). We
postulate that the g3 fusion protein on the surface of the
phage might be more stable than the refolded, purified
soluble protein (see also Discussion). This is supported by
the BIAcore results obtained for F25A and F49A, two
residues located outside the structurally sensitive N-terminal
helix. The respective changes inKD and IC50 values are in
excellent agreement for these two mutants (Table 2). The
differential effect of F49A on binding to the IGFBP’s was
confirmed by the BIAcore analysis. A 70-fold decrease in
affinity was measured for IGFBP-1 binding (Figure 4C;
Table 2) whereas IGFBP-3 binding was reduced only 4-fold
(Figure 4D; Table 2).

The binding kinetics for soluble P63A were identical to
those for wild-type IGF-I (Table 2). This is in contrast to
the data obtained on phage, where IGFBP binding was not
detectable despite successful display of P63A as judged by
antibody binding (Table 1; see Discussion).

Role of the N-Terminal IGF-I Residues.Surprisingly, the
IGFBP-3 interaction was generally much less affected by
the Ala substitutions than was the interaction with IGFBP-
1, despite the fact that IGFBP-3 binds IGF-I with ap-
proximately 10-fold higher affinity. Apart from P63A, no
alanine mutant exhibited a>6-fold reduction in IGFBP-3
affinity (Figure 2; Table 1). What determinants on IGF-I are
responsible for the high-affinity binding to IGFBP-3? It had
previously been shown in biosensor experiments that des-
(1-3)-IGF-I binds IGFBP-3 with 25-fold reduced affinity
(28). This naturally occurring form of IGF-I lacks the first
three N-terminal residues and shows increased mitogenic
potency, presumably due to its reduction in IGFBP binding
(23). Since none of the first three amino acid side chains
seem to contribute any energy to the binding of IGFBP-3
(Table 1) but nevertheless des(1-3)-IGF-I is compromised
in IGFBP-3 binding, we hypothesized that backbone interac-
tions might be involved. To test this hypothesis, we displayed
on phage a triple alanine mutant [Ala(1-3)-IGF-I], substitut-
ing the first three N-terminal amino acids. If the backbone
in that region contributes to the interaction with IGFBP-3,
this mutant should be able to bind. Binding to IGFBP-1,
however, should be reduced due to the lack of the E3 side
chain (Table 1). As a control we generated the des(1-2)-
IGF-I mutant, testing for any potential backbone interactions
with IGFBP-1 at positions 1 and 2. As expected, Ala(1-
3)-IGF-I showed a decreased IGFBP-1 affinity similar to that
of E3A but no change in IGFBP-3 affinity (Table 1; Figure

FIGURE 3: Binding specificity of the IGF-I variant F49A displayed
on phage. Phagemid particles displaying F49A (0) were bound to
plates coated with IGFBP-3 in the presence of the indicated amounts
of soluble IGFBP-1 (A) or IGFBP-3 (B). The same experiment
was carried out in parallel with phage displaying the wild-type-
like IGF-I variant G1S-A70V (O). See Tables 1 and 2 for absolute
IC50 values. Data points are the mean( SD, n ) 2.
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2). For des(1-2)-IGF-I, no difference in affinity was
observed for both binding proteins. Combined with the
observations on des(1-3)-IGF-I (28), these results suggest
that the peptide backbone between residues 3 and 4 of IGF-I
mediates important interactions with IGFBP-3.

DISCUSSION

We have probed the functional IGFBP-1 and IGFBP-3
binding epitopes on the surface of IGF-I by alanine-scanning
mutagenesis. Both binding epitopes are illustrated in Figure
5. Individual IGF-I side chain interactions play a much more
important role for binding to IGFBP-1 than to IGFBP-3. Two
major binding patches are found for IGFBP-1 (Figure 5A).
One is situated on the upper face of the N-terminal helix
(composed of G7, L10, V11, L14, F25, I43, and V44) and
one on the lower face (composed of E3, T4, L5, F16, V17,
and L54). These two binding patches are bridged by F49
and R50. For IGFBP-3, the binding epitope is more diffuse
and has shifted to include G22, F23, and Y24 (Figure 5B).
Binding of IGFBP-3 is generally much less sensitive to
alanine substitutions. In fact, the biggest reduction in affinity
(apart fom P63A, see below) is a 6-fold decrease seen for
G7A. This result is intriguing since IGFBP-3 binds with 10-
fold higher affinity to IGF-I than does IGFBP-1. Most
probably, interactions originating from the IGF-I main chain
backbone are contributing to the binding of IGFBP-3. This
hypothesis is further substantiated by our experiments with
the Ala(1-3)-IGF mutant. While the single and triple alanine
substitutions have no effect on IGFBP-3 binding, deletion
of the first three amino acids results in a 25-fold decrease in
affinity (23, 25, 28). In summary, IGF-I uses different
binding modes to associate with IGFBP-1 and IGFBP-3: a

few amino acid side chain interactions are important for
binding to IGFBP-1, while backbone interactions seem to
play a major energetic role for binding to IGFBP-3.

A recent publication has investigated the binding epitope
on IGF-I for IGFBP-1 by heteronuclear NMR spectroscopy
(30). The authors found that IGF-I residues 29, 30, 36, 37,
40, 41, 63, 65, and 66 among others experienced chemical
shift perturbations upon complexation with IGFBP-1 at 30
°C. Furthermore, Jansson and co-workers (30) identified R36,
R37, and R50 to be part of the functional binding epitope
and tested those alanine mutants in BIAcore experiments.
The largest change in affinity observed by these authors,
however, was a 3-fold decrease for R50A. This is a very
small effect, corresponding to a change in free energy of
binding (∆∆G) of about 0.7 kcal/mol. The typical error in
these experiments is∼0.5 kcal/mol (48). Our phage display
data agree well with this result, since we found a 2.4-fold
decrease in IC50 for the IGF-I variant R50A (Table 1). This
residue is adjacent to F49, which is one of the side chains
that contributes a major part of the IGFBP-1 binding energy
(∆∆G = 2.6 kcal/mol). Unfortunately, due to the structural
flexibility of IGF-I already observed in the first NMR study
of the hormone (13), Jansson et al. (30) were unable to
completely assign many residues in the NMR spectrum,
including F49. On the basis of our results regarding the
binding epitope differences, it would be interesting to see
what main chain interactions might be revealed in an NMR
study of IGFBP-3 in complex with IGF-I.

In similar studies of protein-protein interfaces it was
found that only a few side chain residues contribute to the
bulk of free binding energy (49, 50). The same holds true
for the IGF-IGFBP-1 interaction. However, here, as was

FIGURE 4: Biosensor analysis of IGFBP binding to immobilized IGF-I variants. Sensorgrams are shown for IGFBP-1 (A, C) or IGFBP-3
(B, D) binding to immobilized wild-type IGF-I (A, B) or F49A (C, D). The concentrations of ligand in each experiment were 1µM, 500
nM, and 250 nM. See Table 2 for kinetic parameters.
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noticed for tissue factor binding to factor VIIa, the magnitude
of the ∆∆G values derived from important side chains is
smaller than in the case of growth hormone (50). The
residues with predominant∆∆G contributions are not
clustered on the IGF-I surface as in the growth hormone-
receptor interface (49) but still form a continuous IGFBP-1
binding epitope (Figure 5A). In contrast, the IGFBP-3
binding epitope on IGF-I is discontinuous, and side chains
contribute very modest individual binding energies. Clearly,
the explanation of these differences awaits further functional
characterization of the complementary binding epitopes on
IGFBP-1 and IGFBP-3.

The results obtained in this study by phage display agree
well with published observations of IGFBP binding. For
example, it was noted by Clemmons and co-workers that
Y31A IGF showed a 2-fold increase in IC50 for IGFBP-1
(25). We find the same in our phage display format (Table
1). Similarly, alanine substitution of D12 was shown by
BIAcore analysis to increase IGFBP-1 affinity 2-fold (29).
Again the phage display results agree perfectly. Only two
major discrepancies between IC50 ratios obtained by phage
ELISA and BIAcore results were observed, namely, for F16A
and P63A (see Table 2). It has been shown that substitution
of residue F16 by alanine induces structural changes in the
IGF-I molecule, leading to a decrease in IGFBP affinity (29).
We noticed the same effect in our BIAcore results, but the
affinity decrease was less pronounced in our phage ELISA’s.
Both BIAcore measurements used IGF F16A that had been
refolded during the purification procedure (29; see Experi-
mental Procedures). In phage display, however, the protein
of interest is translocated naturally by the secretion machinery
of E. coli, and the low abundance of the expressed heter-

ologous protein in monovalent phage display (<1 molecule
per phage particle) may disfavor aggregation and misfolding.
Fusion of IGF-I to the truncated g3 phage protein might exert
an additional stabilizing effect on the native structure of the
polypeptide. For P63A, we postulate that the reasons for lack
of observable IGFBP-1 or -3 binding are low display levels
of P63A on the surface of phage. The mutation might
decrease display levels to such an extent that antibody
recognition is still possible while IGFBP binding is not
detectable. The essentially wild-type-like binding of P63A
is supported by the following independent observations: (a)
residue P63 is located on the opposite side of the IGF-I
molecule with respect to the main binding epitope; (b)
Jansson et al. (30) concluded that the C-terminal part of IGF-I
is not involved in direct IGFBP-1 contacts but rather
undergoes indirect conformational changes upon complex
formation; (c) binding of IGFBP-1 or -3 to IGF-I was not
inhibited by antibodies recognizing the C-terminal D-domain
of IGF-I (51). These findings further support earlier observa-
tions that the D-domain, which begins at residue P63, is not
involved in binding of IGFBP-1 or -3 (22).

The majority of IGF-I in the circulation is found in
complex with IGFBP-3 and a third protein termed the acid-
labile subunit (ALS) (2, 7, 9). This ternary complex of 150
kDa molecular mass is unable to traverse the vasculature
walls and acts as a circulating reservoir for IGF’s. By this
mechanism the half-life of IGF-I is dramatically increased
(52). The levels of IGFBP-3 are positively regulated by IGF-
I. The role of IGFBP-1, in contrast, is less clear. This class
of binding proteins is generally less abundant than IGFBP-
3, and its levels are negatively regulated by insulin (2, 7, 9).
Clearly, more work needs to be done in order to understand

FIGURE 5: Model of the functional binding epitopes for IGFBP-1 and IGFBP-3 on the surface of IGF-I. Amino acid side chains were
classified according to their relative contribution in binding energy (Table 1) and colored as follows: no effect (gray); 2-5-fold loss of
apparent affinity (yellow); 5-10-fold (orange); 10-100-fold (bright red);>100-fold (dark red). If available, numbers from phage ELISA
experiments in Table 1 were used. BIAcore data were used instead for V11A, R36A, P39A, and P63A (Table 2). The NMR structure of
IGF-I (13) was represented using the program Insight II (MSI, San Diego, CA). The binding epitope for IGFBP-1 (A) is located on the
“upper” and “lower” face of the N-terminal helix (residues 8-17), connected by the energetically important residue F49. For IGFBP-3 (B),
individual IGF-I side chains contribute very little binding energy. The binding epitope has shifted away from the N-terminus and newly
includes G22, F23, and Y24. Additionally, IGF-I polypeptide backbone interactions may play a more important role for binding IGFBP-3
than IGFBP-1 (see text for details).
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how the different IGFBP’s achieve a fine-tuned regulation
of IGF-I. Important tools in this research could be IGFBP-
specific IGF isoforms. It has been demonstrated in animal
models that receptor-inactive IGF mutants are able to displace
endogenous IGF-I from binding proteins and hereby generate
a net IGF-I effect in vivo (21, 53). The same strategy applied
to a IGFBP-specific IGF-I mutant should result in displace-
ment of IGF-I from one defined class of binding proteins
only while not disturbing the binding equilibria of the other
IGFBP classes.

On the basis of our results it seems possible to design
IGFBP-specific variants of IGF-I. Combination of several
alanine mutations should generate a variant that binds
IGFBP-1 very weakly while retaining high-affinity binding
of IGFBP-3. The design of IGFBP-1-specific variants that
no longer bind to IGFBP-3, however, will likely require more
effort. One possible approach would involve the randomiza-
tion of amino acids at specific positions (46, 54). Again,
phage display of IGF-I may prove to be a useful method to
achieve this goal.
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