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ABSTRACT. Ligand binding properties of five single amino acid substituted variants (V11A, D12A, Q15A,
Q15E, and F16A) of human insulin-like growth factor | (IGF-1) were analyzed with respect to their binding
affinities and binding kinetics to recombinant IGF binding protein 1 (IGFBP-1) and a soluble form of the
IGF type | receptor (sIGF®, respectively. Side chains of the substituted residues are all predicted to be
the most surface exposed in thehelical portion of the B-region of the IGF-I molecule. The IGF-I
variants were produced as fusion proteins to a IgG(Fc) binding protein domain, Z. Ligand binding kinetic
rates were determined using BIAcore biosensor interaction analysis technology. All IGF-1 variants showed
altered binding affinities to both IGFBP-1 and sIGE-ISecondary structure content of the IGF-I variants
was estimated using far-UV circular dichroism spectroscopy, followed by variable selection secondary
structure calculations. The amount of calculatedhelicity is reduced for all the mutants, most
predominantly for IGF-I(V11A) and IGF-I(F16A) proteins. Surprisingly, most of the effects of reduced
binding affinities to both target proteins are attributed to lowered on-rates of binding, and these are correlated
with the amount ofx-helicity in each IGF-I variant. In addition, in some of the IGF-I variants, lowered
off-rates of binding are observed. From the results, we propose that IGF-I is unusually sensitive to structural
changes by surface amino acid substitutions in the B-region of the molecule. Therefore, biochemical or
biological properties of amino acid substituted variants of IGF-I cannot be used in a straightforward way
to dissect the direct involvement in binding of individual amino acid residues since structural changes
may be involved.

Human insulin-like growth factor | (IGF-1)is a single of the molecular interactions involved in the IGF-I system
chain 70 amino acid growth factor with structural homology are of large interest to further understand the structural
to proinsulin. The early evolutionary origin of the IGF-like  biology of the system.
peptides and the highly conserved amino acid sequences

among vertebrate species emphasize the important role of The solution structure of IGF-I has been determined from
IGF-I (LeRoith et al., 1993). IGF-I displays a complex NMR spectroscopy data (Cooke et al., 1991). IGF-I shares

interaction scheme, as the hormone has a key function inthe unigue insulin-like fold with IGF-Il and insulin (Teras_awa
the regulation of cellular proliferation and differentiation. ©tal-» 1994). The IGF-I structure composes a centiaglix
The potency of IGF-I is regulated through the interaction SPanning residues-8l7 in the B-region between cysteine
with six homologous circulating serum binding proteins, fesidues 6 and 18 and two smaliehelical regions spanning
IGFBP-1 to IGFBP-6 (Rechler, 1993). Cellular responses @mino acids 4449 and 54-59, respectively, in the A-region

of IGF-I are mediated through the IGF type | receptor (IGF- Of the molecule (Figures 1 and 2). Residues from these
IR) tyrosine kinase activity (Morgan et al., 1986) and ©o-helical regions form the central hydrophobic core of the
potentially also through membrane-associated IGFBPs (Oh!GF-I folded structure, surrounded by structurally less well
et al., 1993a). The molecular interactions of all these characterized regions spanning the C- and D-regions of the
molecules have been extensively studied during the pastmolecule (Cooke et al., 1991).

decade, yet there is no structural information from crystal-  preyious investigations have identified the three amino-
lography or NMR spectroscopy available of any of the o ming) residues of the B-region (Bagley et al., 1989) and

complexes. The different binding specificities of the IGF-| further the whole B-helix (Oh et al., 1993b) and determinants
molecule have a key role in the regulation of mitogenic and in the A-region, amino acid résidues 49 50 and 51
metabolic activities. Therefore, structural characterizations (Clemmons et al. 1992), to be involved in IGEBP-| binding

The IGF-I receptor binding epitopes have been mapped to
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IGF-I B-Region Mutants

Ficure 1: Ribbon representation of the three-dimensional structure
of IGF-I adapted from the solution NMR structure (Cooke et al.,

1991). The surface-exposed residues Glu 9(E9), Val 11(V11), Asp
12(D12), GIn 15(Q15), and Phe 16(F16), mutated in this study,
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the binding of biotinylated template DNA to streptavidin-
coated magnetic beads (Dynabeads M280; Dynal AS, Oslo,
Norway). The plasmid pRIT28:IGF-I was constructed by
inserting aEcaRI—HindlIll 210 base pair IGF-I gene frag-
ment (Elmblad et al., 1984) into pRIT28 (Hultman et al.,
1989), restricted with the same enzymes. The resulting
plasmid was used to generate single-stranded DNA fragments
used in the solid-phase mutagenesis. The vector fragment
was restricted withEcdRl and biotinylated with Klenow
DNA polymerase using biotindUTP (Boehringer Man-
nheim, Mannheim, Germany) and normal dATP, dCTP, and
dGTP nucleotides at 0.5 mM each. The biotinylated vector
was restricted witlPoull and the resulting fragment bound
to the magnetic beads via the streptavidiiotin coupling.
Washing the beads with 0.15 M NaOH released the minus
strand of the vector fragment. The IGF-I insert was prepared
in the same way by restriction with tHgglll, biotinylated
fill-in reaction followed by cleavage wittECORV. The
resulting bound fragment was made single stranded with
alkali and a 26 base pair general prim&@8sC AGT GAG
CGC AAC GCA ATT ATT GT- 3 annealed. Depending
on the mutation the following primers were phosphorylated
and annealed: E9A,'85TG CGG TGC TGC ACT GGT
TGA CGC T-3; V11A,5-GTG CTG AAC TGG CTG ACG

are represented as ball-and-stick-type side chains and labeledCTC TGC A-3; D12A, 5-CTG AAC TGG TTG CCG CTC
a-helices are drawn as ribbons. The representation was created usingGC AGT T-3; Q15A, 3-TTG ACG CTC TGG CTG TTG

the software MOLSCRIPT (Kraulis, 1991) and RASTER 3D (Meritt
& Murphy, 1994).

specifically to the charged residues Arg 36 and Arg 37
(Zhang et al., 1994).

In the present study, we have determined binding specific-
ity contributions to both IGFBP-1 and soluble sIGH$IGF-
IR) by the use of amino acid substituted IGF-I variants. Five
single amino acid residue replacements in the B-region
a-helix were produced: V11A, D12A, Q15A, Q15E, and

F16A (Figure 2). The side chains of these residues are

mainly exposed on the surface of the molecule, enabling
possible involvement in intermolecular interactions. Since
IGF-1 possesses a thermodynamic inability to quantitatively
form native disulfidesn vitro (Miller et al., 1993; Hober et
al., 1992), far-UV circular dichroism spectroscopy was

utilized to detect possible changes in secondary structure and

when motivated, peptic digestion mapping to verify correct
disulfide pairing. Surprisingly, it was found that most of
the mutant IGF-1 molecules showed decreasebelicity
resulting in reduced on-rate of binding to IGFBP-1 and sIGF-
IR,
structural changes in IGF-1 upon amino acid substitutions,
which is discussed.

EXPERIMENTAL PROCEDURES
DNA Preparations, Enzymes, and Bacterial StraibsNA

These results demonstrate the necessity to monitor

TTT GCG G-3; F16A, 3-GAC GTC CTG CAG GTC GTT
TGC GGT G-3. The sixth mutation, Q15E, was unexpect-
edly detected when sequencing a clone from the Q15A
mutagenesis. The primers were extended and ligated in the
same reaction by T4 DNA polymerase and T4 DNA ligase,
respectively. Resulting mutated inserts were eluted from the
solid phase with alkali and thereafter annealed to the prepared
vector. The insert strand overlaps the vector strand, resulting
in base pairing in the constant regions. The annealing mix
was transformed directly into competdst coli RR1 cells
without extending the gapped duplex into double-stranded
DNA.

DNA SequencingNucleotide sequences were confirmed
by DNA sequencing using dideoxy sequencing and dye
terminators. The sequence was analyzed using an ABI 373A
automated sequencer (Perkin-Elmer, Applied Biosystems,
Foster City, CA).

Production Vector. The mutant IGF-I variants were
subcloned into the production vector pKP 522 (Jansson et
al.,, 1996) as arecdRl and Hindlll fragment. The vector
used has a pUC-based origin of replication and kanamycin
resistance as selectable marker. The transcription of IGF-I
MRNA is initiated from theE. coli trp promoter.

Production and Purification of IGF-I Variants.IGF-|
variants were produced intracellularly & coli as fusion
proteins to a single IgG binding Z-domain derived from
staphylococcal protein A (Nilsson et al., 1987E. coli

preparation and manipulations were performed using standardRVv308 transformed with the production vector were grown

protocols essentially according to Sambrook et al. (1989).
Restriction and modifying enzymes were from New England
Biolabs or from Boehringer Mannheim (Mannheim, Ger-
many). Escherichia colRRI (Bolivar et al., 1977) was used
for DNA manipulations and. coli RvV308 (Maurer et al.,
1980) for protein production.

DNA Construction and in Vitro Mutagenesigimino acid
substituted variants of IGF-I were constructed using a solid-
phasein witro mutagenesis protocol based on magnetic

at 30°C overnight in 2x YT medium supplemented with
60 mg/L kanamycin (Km). The overnight cultures were
inoculated 1:50 in Ix MJ minimal media (Jansson et al.,
1996) containing 60 mg/L kanamycin and 4 g/L glucose and
grown at 33°C for 24 h. The protein production was induced
at ODsp0 = 0.5 using 25 mg/L B-indoleacrylic acid (I1AA).
The cells were harvested by centrifugation at 4p@y 15
min. The cell pellet was resuspended in a solution of 6 M
Gua-HCI, 150 mM NaCl, 50 mM KKPQ,, and 1 mM

separation (Hultman et al., 1990). The method is based onEDTA, pH 6.5. The cell slurry was further shaken overnight
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Ficure 2: Primary structure of IGF-I with regions B, C, A, and D. The mutated residues in the B-region are shown in light gray. Helical
regions are represented by broken-line boxes. The correct disulfide bond arrangement is represented by black bars.

at 4°C. The initial purification by 1gG affinity chromatog-  separating gradient used was-38%% acetonitrile in 0.25%
raphy was performed by first diluting the resuspended cells pentafluoropropionic acid (PFPA) over 50 min, at a flow
to 1 M Gua-HCI concentration with & TST (50 mM Tris- rate of 1 mL/min and a temperature of 3C. The pure
HCI, 150 mM NaCl, 0.05% Tween 20). After centrifugation protein was lyophilized and stored in aliquots-a85 °C.

at 1530@ for 10 min, the supernatant was passed over an  Native IGF-I was produced in analogy with the variants
lgG—Sepharose FF column (Pharmacia Biotech, Uppsala, a5 a z-fusion protein inE. coli purified as described
Sweden), equilibrated with x TST. The column was (Forsberg et al., 1990; Moks et al., 1987).

washed with 10 column volumes of TST and 2 volumes of
5 mM ammonium acetate, pH 5.0. The bound fusion protein
was eluted by 0.2 M acetic acid, pH 2.8. The protein eluate
was subsequently lyophilized. Refolding and cleavage were
performed by dissolving the lyophilized protein in a buffer
containing 1.25 M Gua-HCI, 50 mM glycine, 1 mM EDTA,
20% ethanol, 0.125% Tween 20, and AM reduced DTT

Production and Purification of IGFBP-1.Recombinant
IGFBP-1 was produced in DON cells transfected with a
papilloma viral vector containing an expression cassette with
the cloned human IGFBP-1 gene under the control of a BPV
promoter (Luthman et al., 1989). IGFBP-1 was purified from
conditioned cell medium by IGF-I affinity chromatography.
at pH 9.0. Protein disulfides were formed by air oxidation Aftér sample application, the column was washed with 5
at room temperature for 16 h. An equal volume of 2 column.volumes of TST.fOIIowed by 5 volumes .of 5 mM
cleavage mixture [4 M NaOH, 0.2 M Tris-HCI, 4 M ammonium acetate at a linear flow rate of 5 cm/min. Bound

IGFBP-I was eluted usin1 M acetic acid, pH 2.8, at the
same flow rate. The eluted material was further applied to
an S-Sepharose cation-exchange column (Pharmacia Biotech,
titrating to pH 6.6, using acetic acid, and desalting the sample UPPsala, Sweden), equilibrated with a buffer containing 90%
on a Sephadex G25M column equilibrated with 150 mm 20 MM ammonium acetate, pH 4.5, and 10% 500 mM
ammonium acetate, pH 7.0. The fusion partner Z and @mmonium acetate, pH 7.0. After being washed with
remaining uncleaved fusion protein were removed by passing€auilibration buffer, the IGFBP-I was eluted with a linear
the desalted material over an lgGepharose column gradient of 16-70% 500 mM ammonium acetate, pH 7.0,
equilibrated with 150 mM ammonium acetate, pH 7, using N 20 MM ammonium acetate, pH 4.5, over 30 min with a
a 5 mL/min flow rate. The flow-through was collected and oW rate of 1 mL/min. The purified IGFBP-1 protein was
titrated to pH 4, using acetic acid. finally lyophilized and stored at-20 °C.

The protein solution was rapidly frozen using a dry ice/  Production of IGF-I ReceptorThe soluble IGF-I receptor
ethanol bath and subsequently lyophilized before final was produced as a secreted fusion to a synthetic IgG affinity-
purification. Remaining impurities and modified forms of handle protein Z (to be described elsewhere). Briefly, the
IGF-1 were removed by reverse-phase HPLC, using a receptor fusion was secreted from a transfected 293 primary
Kromasil C8 column, 4.6x 250 mm (Eka Nobel, Bohus, human kidney cell line, and the protein was recovered and
Sweden), on a HP 1090 HPLC system (Hewlett-Packard, purified from the growth media by applying an 1gG affinity
Palo Alto, CA), equipped with diode array detection. The chromatography procedure.

hydroxyammonium chloride (HON4€I)] was added, and
the pH was adjusted to 9.5 using NaOH. The cleavage was
performed at 45C for 5 h. The reaction was stopped by
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Protein Analysis. Quantitative amino acid analysis was twice at five different concentrations in random order over
performed by acid hydrolysis followed by analysis using a the same surface in each measurement series. The concen-
Beckman 6300 amino acid analyzer, equipped with a Systemtrations used in IGFBP-1 kinetics were, for native IGF-I and
Gold data handling system (Beckman, Fullerton, CA). all mutants (except for F16A), 192, 96, 48, 24, and 12 nM,
Protein homogeneity was evaluated by SEIPFAGE (Laem- respectively, and, for F16A, 768, 384, 192, 96, and 24 nM.
mli, 1970) or by RP HPLC. Each protein was analyzed using at least three separate

Circular Dichroism. CD spectra were recorded using a experiments, using independent acceptor molecule im-
Jasco J720 spectropolarimeter. Protein samples were dismobilizations. Kinetic measurements were performed by
solved in 10 mM potassium phosphate buffer, pH 7.0, to a injection of each analyte for 300 s followed by dissociation
final concentration of 0.1 mg/mL. Spectra were recorded in buffer flow for 400 s. The immobilized IGFBP-1 was
from 250 to 184 nm at a step resolution of 0.1 nm and a regenerated after each cycle using a«l2injection of 100
scanning speed of 5 nm/min. Each spectrum is the averagenM HCI. IGF-I ligand concentrations used in receptor
of five accumulated scans. Subsequently, actual concentraimeasurements were, for native IGF-I and mutants, except
tion of each protein sample was determined by quantitative F16A, 524, 262, 131, 66, 33, and 16.5 nM and, for F16A,
amino acid composition analysis. Secondary structure 2096, 1048, 524, 262, 131, and 66 nM. The immobilized
estimation was performed using the VARSLC1, variable sIGF-R surface was regenerated after each cycle by injection
selection secondary structure prediction software (Manavalanof 12 uL of acidic regeneration solution containing 0.3 M
& Johnson, 1987) compiled for a Silicon Graphics Power sodium citrate, pH 5, and 0.4 M NaCl. Ligand samples were
Challenge server (Silicon Graphics, Mountain View, CA). injected twice at six different concentrations in random order
The CD spectra of the IGF-I variants were compared to a over the same surface in each measurement series. The
CD library containing reference spectra of 33 proteins. Two temperature in all kinetic experiments was 298 K.
proteins were excluded in each iteration, creating 528 BlAcore Baluation. Kinetic parameters were calculated
possible combinations of the first fitt The two least using the kinetics evaluation software package BlAevaluation
comparable proteins were removed from the reference set,2 (Pharmacia Biosensor, Uppsala, Sweden). Theories behind
and the iterative fitting was repeated until the set structure BIAcore measurements, evaluations, and calculations have
content criteria, more than 96% total secondary structure been extensively described previously; for a review see
classified and the RMS difference to the reference<ei5, Karlsson et al. (1994).

were satisfied. Briefly, kon was calculated using the equation:
Peptic Digestion.Peptic digestions were performed using
a protein:enzyme ratio (w/w) of 10:1. A 3@ portion of dR/dt = constant- [[(k,.C) + k]R] (1)
the protein to be digested was lyophilized. The protein was ] ] ] ) )
redissolved in 20Qd of 10 mM HCI containing 3ug of The dR/dt is the relative change in resonance signal per time

porcine pepsin (Sigma, St. Louis, MO) and incubated at Unit, C is the concentration of ligand in the flow, aiilis
ambient temperature for 4 h. Peptic fragments were sepa-the refative response. An approximaig could be obtained
rated by reverse-phase HPLC on a Kromasil C8 column, 7 in the analysis of the association phase (see eq 1 above).
um particles, 10 nm pore size (Eka Nobel, Bohus, Sweden), However, this value can more accprate_ly _be <_:ieterm|ned
using a linear gradient from 0 to 45% acetonitrile and 0.1% by kinetic measurements of ligand dissociation in a buffer
TEA in 40 min at a flow rate of 1 mL/min and a column flow. From dissociation daté,s can be calculated using
temperature of 30C. The eluting peaks were detected at the equation:

220 nm using a diode array detector on a Hewlett-Packard
1090 HPLC system.

Biosensor Analysis. The BlAcore, Sensorchip CM5
(certified grade), Surfactant P20, and amine coupling re-
agents, N-ethyl-N'-[(dimethylamino)propyl]carbodiimide
(EDC), N-hydroxysuccinimide (NHS), and ethanolamine
hydrochloride, were obtained from Pharmacia Biosensor
(Uppsal_a, Sweden). All other buffer _chemicals were o_btai_ned Ko = Kor/Kogt (3)
from Sigma or Fluka (Buchs, Switzerland). All kinetic

measurements were performed with the larger molecule pifferences in free energy of bindingA\AG, between each
IGFBP-1 or sIGF# as the immobilized acceptor molecule. mytant protein, respectively, and wild type were calculated

Immobilization was performed at/d./minin 1 x HBS (10 from the affinity constants using the equation:
mM HEPES, pH 7.4,150 mM NacCl, 3.4 mM EDTA, 0.05%

P20) as the driving buffer. IGFBP-1 was dissolved in 50 AAG = —RTIn[K s(mutant)K ¢ (wt)] 4)

mM sodium acetate, pH 4.7, at a concentration ofu50

mL and was immobilized via primary amine groups as Ligand Binding Assay.Ligand binding assays were
previously described (lfés & Johnsson, 1990), utilizing performed in duplicates using 100 mM sodium phosphate,
EDC/NHS carbodiimide coupling reagents, to a final reso- pH 7.5, 150 mM NacCl, and 0.05% Tween 20, as assay buffer
nance value between 700 and 2000 RU. The IGF-I receptorand®-labeled IGF-I (Amersham, Bucks, U.K.). Pre-IgG-
immobilization was performed by a similar procedure at pH coated Scintistrip microwell plates (Wallac, Turku, Finland)
4. Final levels of sIGFA immobilization were 65087500 were incubated with the receptor preparation. Plates were
RU. All kinetic experiments were performed usingkIHBS washed three times with PBS-T and three times with assay
as the driving buffer at a flow rate of gL/min. The buffer. One series of dilutions was incubated with-IGF-I
injection of analyte was controlled using tkiajectcommand (20 000-30 000 cpm/0.1 mL). The second series was
in the Bialogue control software. Each sample was injected incubated with*?3-IGF-1 and unlabeled recombinant IGF-|

IN(RL/RN)= K q(tn — tl) @)

The parameter Rl is the relative response at time t1, and Rn
is the relative response at time tn. The affinity constant,

Kaf, Was calculated from the kinetic constants using the

equation:
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FIGURE 3: Superposition of the far-UV CD spectra of native IGF-I and mutated variants from 184 to 250 nm.

(1 uM) for control of unspecific binding. After incubation analysis of surface-exposed area, using the Protable module
at 4°C for 3 h or atroom temperature for 1 h, plates were contained in Sybyl 6.22 (Tripos, St. Louis, MO) and the
rapidly washed with assay buffer and allowed to dry. For NMR-based IGF-I structure PDB entry 2gfl (Cooke et al.,
competitive ligand binding assays, plates were coated with 1991). The genes encoding the single amino acid substituted
a defined receptor concentration and washed. ReceptordGF-I proteins were successfully constructed at the DNA
were incubated with 10QiL of '24-IGF-I in all wells. level using a solid-phase mutagenesis protocol (Hultman et
Secondly, serial dilutions were made starting fromub0of al.,, 1990). The Q15E variant was unexpectedly detected
129-IGF-I solution containing 3«M unlabeled IGF-I. After when sequencing Q15A clones. The different IGF-I variants
incubation, wells were treated as described above. Retainedvere produced as fusions to the IgG binding Z-domain
radioactivity was measured using ja counter (Wallac, (Nilsson et al., 1987). The advantages of using the Z-fusion
Turku, Finland). protein approach to overproduce IGF-I are well established
Electrostatic Potential Calculationslsoelectric contour ~ (Nilsson et al., 1990). The Z-fusion approach, in addition
surface plots of IGF-I and mutants were created using the to providing a uniform initial affinity purification protocol
Delphi module (Gilson & Honig, 1988a,b; Gilson et al., for mutated proteins with altered biochemical properties, also
1987) in the Insight Il software package (Molecular Simula- enhances production levels, solubility, and stability against
tions Inc., San Diego, CA) on a Silicon Graphics interface. degradations during expression and purification (Nilsson &
Potentials were calculated using the PDB coordinates of theAbrahmse, 1990). In addition, refolding yields are typically
NMR solution structure, PDB entry 2gfl (Cooke et al., 1991). significantly improved compared to the unfused product
The charge of the molecule was calculated at pH 7.4 using protein (Samuelsson et al., 1991).
the cvff force field. The boundary was set to full Colombic  The amino acid substituted variants of IGF-I [IGF-
with a border of 10 with 65 maximum grid points. The |(v11A), IGF-I(D12A), IGF-I(Q15A), IGF-I(Q15E), IGF-
solute dielectric was set to 4 using current charges, and the|(F16A)] were produced itE. coli and purified to homoge-
solvent dielectric was 80 with a radius of 1.4. neity. The amino acid composition contents were according
to what was expected from the respective deduced amino
RESULTS acid sequences (data not shown). The purity of the produced
The intention of this work has been to determine the Variants was more than 95% as determined by RP HPLC

contribution of single amino acid residues of IGF-I on its (datanotshown). The gene-constructed IGF-I(E9A) variant
binding specificity to soluble IGF8and IGFBP-1, respec-  Was not successfully produced as full-length material des_p|te
tively. It was decided to create a defined experimental several attempts. No correctly_ folded full-length material
system where all molecular components are highly purified cou_ld bg recqvered after refolding, and further attempts to
recombinant material and where one interaction at a time is PUrify this variant were not undertaken. IGFBP-1 and sIGF-
studiedin zitro, without other influencing factors such as |~ Were produced and purified to homogeneity. The purity

additional interactions possibly found in cellular receptor ©f these produced recombinant proteins was confirmed by
assays. In addition, since IGF-I is known to possess a SPS-PAGE and estimated to more than 90% (data not

thermodynamic folding inability to quantitatively reach its Shown).

native form (Hober et al., 1992), it was decided to carefully  Structural Characterization of IGF-I VariantsThe far-
analyze disulfides and secondary structures of producedUV CD spectra for all purified IGF-I variants display
IGF-I variants. The amino acid substituted variants of IGF-I deviations compared to native IGF-I (Figure 3). The spectra
were originally designed as an alanine scan of the mostly shown are normalized to the same concentration using
surface exposed residues of the N-termugdielix, residues  quantitative amino acid analysis of the samples after CD
9, 11, 12, 15, and 16. These residues were selected frommeasurements.
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Table 1: Listing of the Fraction of Secondary Structure from Variable Selection Analysis of Circular Dichroism Spectra of IGF-1 and IGF-I
Variants

structuré IGF-I mmIGF-| IGF-I(V11A) IGF-I(D12A) IGF-I(Q15A) IGF-I(Q15E) IGF-I(F16A)
H 0.22 0.13 0.15 0.20 0.18 0.15 0.13
A 0.15 0.23 0.25 0.21 0.29 0.23 0.18
P 0.06 0.06 0.06 0.05 0.03 0.07 0.05
T 0.26 0.25 0.22 0.25 0.25 0.24 0.27
o 0.30 0.32 0.33 0.29 0.25 0.31 0.37
total 1.00 1.00 1.00 1.00 1.00 1.00 1.00

aH, a-helix; A, antiparallels-sheet; P, parallgs-sheet; T5-turn; O, other structure.

Spectra of IGF-I(D12A), IGF-I(Q15A), and IGF-I(Q15E) 10 A p 0B

1

are mostly similar but not identical to the spectrum of that
of native IGF-I. The spectra for IGF-I(V11A) and IGF-
I(F16A) exhibit some larger deviations compared to that of
native IGF-I. Native IGF-1 and V11A have identical spectra
in the 256-230 nm region whereas mismatched IGF-I and
V11A have similar spectra at 23184 nm where the
amplitudes at lower wavelengths are lower than that of the
native spectra. The IGF-I(F16A) spectrum displays the
largest differences from the native one. The two spectra are
similar in the 256-210 nm region, but F16A has drastically
lowered amplitudes in the region 20284 nm. The spectra
from V11A or F16A are different from those of both native
IGF-I and mismatched IGF-I. Common to all variants is a
decrease in amplitude compared to native IGF-I. The change§
in secondary structure content of the variants was analyzed
using the variable selection method as described. All IGF-I
variants fulfilled the set criteria of 96100% total secondary
structure in the analysis. The results are summarized in
Table 1. The largest difference in structure content between
the variants is the fraction ef-helical content. The mutants
with the largest deviations, V11A and F16A, come close to
the mismatched IGF-I structure content.

The variants showing the largest aberrations in CD spectra
compared to native IGF-1, V11A and F16A, were digested
with pepsin and the fragments separated by RP HPLC in
order to determine the disulfide bond pattern. Separation
of IGF-I pepsin fragments exhibits different characteristic
patterns dependent on the disulfide pairing of the molecule.
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This method thus allows the distinction between native and
mismatched disulfide pairing in IGF-I. The elution time of
the major peptic fragment of IGF-I is approximately 18 min
in the chromatogram (Figure 4A). This peak, labeled 1,

Time [min]

Ficure 4: Chromatograms of reverse-phase HPLC analysis of
peptic-digested IGF-I variants. The absorbance was monitored at
220 nm. A: Native IGF-I cleavage pattern. B: Incorrectly disulfide-

paired IGF-I (mismatch). C: Cleavage pattern of the variant V11A.

corresponds to the disulfide-linked fragments—28 and D: Cleavage pattern of the variant F16A.

60—70 of IGF-I (Forsberg et al., 1990). The elution profile
for the V11A peptide fragments (Figure 4C) is essentially
identical to that of native for all peaks. The V11A variant 5C,D. A summary of the calculated rate and equilibrium
is therefore concluded to have the correct disulfide pairing constants is found in Table 2. IGF-I affinity was determined
pattern. The data for F16A (Figure 4D) are less conclusive, in three separate runs using duplicate injections of each
and the cleavage pattern does not fully correlate to native concentration. The cumulative error in the determined
nor mismatched patterns (Figure 4B). For F16A the major association constants from all runs was estimated to be less
peak, 1*, elutes at approximately 20 min (Figure 4D). This than 12%, when calculated as the square root of the sum of
is most likely the result of the removal of the major cleavage the squares of the errors in amino acid analysis, pipetting,
site between residues 15 and 16. This should result in theand data fitting. The binding to IGFBP-1 is reduced for all
larger fragments 1424, 60-70 and 1124, 60-70 having the mutants except D12A, which has a 2.7-fold increase in
potentially altered elution times. The different cleavage measured association constant. The binding to sfGiB-I
pattern from F16A is therefore concluded to arise from reduced for all of the mutants.
altered cleavage sites rather than mismatched disulfide Radiolabeled Receptor Assagfompetitive radiolabeled
variants. receptor assay was performed as a control experiment to
Biosensor AnalysisBlAcore real time biosensor kinetic  verify the affinities measured by biosensor technology.
measurements were performed using either IGFBP-1 orPurified receptor was immobilized through the IgG(FZ}
sIGF-R as the immobilized acceptor molecule. Sensorgrams protein interaction on IgG-coated plastic plates. The mea-
for the interaction of IGF-I and variants to IGFBP-1 are sured relative affinities of the IGF-1 variants score in the

shown in Figure 5A,B and interactions to sIGFih Figure
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FiIGURE 5: Biosensor analysis of ligand binding to immobilized IGFBP1 and sIGHe relative response in resonance units (RU) plotted
against time. A: Sensorgrams showing the interaction of IGF-I to IGFBP1 at the ligand concentrations indicated in the graph. B: Representative
sensorgram of the different IGF-I variants at 96 nM concentration interacting with immobilized IGFBP1. C: Sensorgrams showing the
interaction of IGF-I to sIGFH at the indicated ligand concentrations. D: Representative sensorgram of the different IGF-I variants at 66
nM concentration interacting with immobilized sIGE-I

Table 2: Kinetic Parameters from Biosensor Analysis of the Interaction between IGF-I and Variants Thereof Interacting with IGFBP-1 and
sIGF-R, Respectively

IGF-I V11A D12A Q15A Q15E F16A

kon (M~1s~1 x 10°5) IGFBP-1 6.12 2.55 8.61 491 2.79 0.153
IGF-I-REC 4.65 2.62 2.40 3.43 3.77 0.149

Kott (S x 10%) IGFBP-1 3.47 5.62 1.79 4.09 4.93 4.36
IGF-I-REC 16.7 23.2 32.0 24.4 19.7 19.9

Ka (M~1 x 1079) IGFBP-1 1.76 0.45 4.81 1.20 0.57 0.035
IGF-I-REC 0.278 0.113 0.075 0.141 0.191 0.0075

AAG (kcal/mol) IGFBP-1 [0] 0.80 —0.59 0.23 0.67 2.32
IGF-I-REC [0] 0.53 0.78 0.40 0.22 2.14

same order as in the BIAcore assay (Figure 6). However, as will be further outlined in the following, these

altered affinities are concluded to result not only in the
DISCUSSION removal of specific interactions through amino acid substitu-
In this work, interactions between human IGF-1 and its tion but also in changing the global structure of IGF-1. In
acceptor molecules IGFBP-1 and sIGFhilave been inves-  the first mechanism, the residue is concluded to be directly
tigated by use of produced and extensively characterizedinvolved in an interaction resulting in a faster off-rate of
single amino acid substituted variants of IGF-I and biospe- binding. In the second mechanism, the residue is affecting
cific interaction analysis methodology (BlAcore). The initial the fold as seen in a slower on-rate of binding. We believe
aim was to investigate the effect of single amino acid that any smaller or larger substitution of the structural
substitution on the different IGF-I interactions to further determinants in the highly ordered A- and B-regions of IGF-|
establish important structural determinants of the molecule. may induce changes in three-dimensional packing of the
The mutants were effectively produced and refolded as fusionmolecule and hence influence binding affinity.
proteins and purified to homogeneity using an affinity handle A clear correlation between on-rate and protethelicity
fusion protein approach. The Z-fusion protein approach is observed in the IGFBP-1 binding of the different IGF-I
facilitates the purification by providing a uniform initial ~mutant proteins (Figure 7). A decrease dnhelicity is
purification step for mutant proteins displaying differences accompanied by a reduced on-rate to IGFBP-1 in an almost
in both isoelectric point and hydrophobic properties. Further linear fashion. In contrast, the off-rates are not as influenced
purification after specific removal of the affinity handle by the amino acid substitutions as are the on-rates (Table
included high-resolution RP HPLC where also mismatched 2). This observation is in contrast to what was found for a
forms are removed. large number of human growth hormone (hGH) mutant
Most of the substitutions in the B-regior-helix decrease  proteins and their binding to hGH binding protein (hnGHBP)
the IGF-I binding affinity to both sIGFR and IGFBP-1. (Cunningham & Wells, 1993). In this study, almost all
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1,2 positively charged region. A zero net charge plane cut
e through the molecule at the N-terminal end of the N-terminal
11 helix dividing the molecule into two halves that overlap
o o8] rather well to the proposed IGE-binding side on one side
s 7 and to the proposed IGFBP binding side on the other. The
& 06] net zero plane coincides with the previously identified
o ] receptor-specific residues 23, 24, 25, and 31, and the IGFBP
® 0,4 binding determinants are mostly localized around the N-
& ] terminal negatively charged region. The D12A mutant
0,2 makes a hole in the continuous charge distribution along the
05 N\ N-terminalo-helix and expands the uncharged region at the
= ™ " " ‘_7 T . C-terminal end of the helix. The change in charge and
10 10 10 10 10 10 10

hydrophobicity at this position seems to be important in the
Concentration Competitor [M] contribution to the increase in IGFBP-1 binding and the
FiGurRe 6: Competitive radiolabeled receptor assay performed using decrease in IGFRIbinding. This might be the case if D12

ICs0, of the different IGF-I variants is estimated to M10°% IGF- L -
I, 2.0: V11A, 0.45; D12A, 0.20; Q15A, 0.8; Q15E, 0.95; F16A, for receptor binding. Since V11A has larger effect on

0.07. The displacement curves are the average of two separate serid$>FBP-1 binding than receptor binding, we suggest position
of duplicate measurements. As an indication of assay variability, 12 to be at the boundary of receptor/BP binding specificity
standard errors of the mean are indicated for the IGF-I data when determinants. This assumption is supported by the fact that
they are sufficiently large in relation to the symbols. The relative the observed change in affinity of D12A, influencing both

binding is normalized to 1.0 at the lowest concentration of L
competitor and to 0.0 at the highest concentration for an easier "€C€Ptor and IGFBP1 binding, seems to be mostly a change

comparison of the different ligands. in side chain specificity rather than a structurally affected
mutant. The observed reduction @fhelicity in the Q15E
1,54 * mutant may be attributed to the introduction of a negatively
charged amino acid close to D12; the two residues,ar¢
g 1,04 »* 3 neighbors on the helix. The structural proximity may give
E X * rise to electrostatic repulsion resulting in changes in the
° 9,5 X X structure. Thex-helical content of Q15A is higher than that
.fz: ¢ for Q15E, indicating that the change from an uncharged
ﬁ 0,00 % residue to another one makes less distortions of the structure,
F16A  QUSE Q15A  D12A  1GF-I compared to introduction of a charged side chain. Q15A
viia scores as second best binder to IGFBP-1 and binds better
'0’51 2 12 16 {8 20 9 than Q15E; the reverse is seen for sIGMinding. The

introduction of the negative charge in this position thus seems

Fraction alpha-helical content ) g
to influence IGFBP-1 binding to a larger extent than sIGF-

Ficure 7: Plot of the relative on-rate as a function of tldelical

content of the IGF-1 variants for the interaction to IGFBP4)( IR binding.
and to sIGF# (x). The linear regression correlation for the relation The affinity for sIGF-R is decreased for all analyzed
betweeno-helicity anddecreasedGFBP1 on-rate is 0.95. mutant IGF-I proteins including D12A. The D12A variant

shows both reduced on-rate and an almost twice as fast off-
rate compared to native IGF-I. These drastic effects strongly
suggest amino acid 12 to be directly involved in receptor
binding. However, measured decreases in on-rates for
receptor binding do not correlate as well with reduced
o-helicity as was found in the interaction with IGFBP-1
(Figure 7), implying that other involved determinants are
contributing in the sIGFR interaction. Also in the sIGFR|
interaction, the off-rate is close to the native rate for F16A,
expanding the induced fit model to the receptor interaction
and suggesting again that this residue is mostly stabilizing
IGF-I structure rather than contributing to direct involvement
in binding. Interestingly, we recently demonstrated by
titration calorimetric measurements that the binding of IGF-I

mutant hGH molecules with reduced hGHBP binding showed
a faster off-rate of binding. The IGF-I mutant with the
largest shift in structure, F16A, has only a 25% increase in
off-rate compared to native IGF-I, whereas the V11A mutant
with a slightly less altered structural content has an increased
off-rate by 62%. This could be interpreted as an induced
fit of IGF-I(F16A) upon IGFBP-1 association and that V11
is more involved in stabilizing the IGFBP-1 interaction. Thus
F16 is probably more contributing in stabilizing the IGF-I
structure, in spite of the fact that it has been concluded from
NMR spectroscopy constraints to be mainly a surface-
exposed residue (Cooke et al., 1991).

The potentiating effect of D12A on IGFBP-1 association
rate might have several explanations. Analysis of the : : .
electrostatic surfaces using Delphi was performed on IGF-I, to SIGF-IR is accomplished by a rather large decreage n
IGF-II, insulin, and the described mutants. The results of entropy S = —70 cal/(K mol) at 37°C] and decrease in

the analysis show that IGF-I is a electrostatically polarized heat capacity ACJ = —0.5 cal/(K mol)], indicative of a
protein with a negatively charged N-terminus and the first structural change of the system (to be published elsewhere).
part of the B-region helix as one continuous negatively Thus, the structural changes that we observe in the mutant
charged patch (data not shown). Insulin and IGF-Il do not Proteins may reflect an intrinsic property of the IGF-I ligand
show the same highly polarized charge pattern as IGF-, that is normally part of the receptor binding mechanism.
which may contribute to the different binding specificities Far-UV CD analysis demonstrates that all of the analyzed
of the different IGF molecules. The C-region and the mutant IGF-I molecules display different spectra compared
proposed receptor interaction site display a continuous with the spectrum of native IGF-I. The least affected spectra
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are those for the D12A, Q15A, and Q15E variants. Variable IGF-I has a very rapid acid proton exchange rate; all but
selection secondary structure analysis of the CD spectraabout 10 of the interchangeable protons are exchanged within
suggests only minor decrease drhelicity for these three 3 min at neutral pH as measured by H/D exchange and
IGF variants. These mutants were assumed to be essentiallyanalysis by mass spectrometry (P. Persson and B.r\lore
correctly folded on the basis of the CD spectra and RP HPLC personal communication). In the solution structure of IGF-
analysis. However, IGF-I(V11A) and IGF-I(F16A) variants Il (Torres et al., 1995), slow proton exchange was limited
show larger deviations in their CD spectra, and their spectrato almost only hydrogen bonds within the stablédnelical
resemble a closer similarity with the mismatched IGF-I. regions. All of the insulin-like growth factors have a fairly
Therefore, these mutants were further analyzed by pepticsmall number of residues involved in the formation of the
digestion and separation of the cleaved fragments by RPhydrophobic core, only-810 residues out of 70. Therefore,
HPLC. Both the correctly disulfide-paired protein and the the IGF-I structure is assumed to be less rigid than a majority
mismatched give rise to specific separation patterns (Figureof proteins with a larger or tighter packed hydrophobic core.
4A,B). A thorough characterization of the IGF-I peptide These findings highlight the necessity to perform structural
cleavage fragments has been described earlier (Forsberg etnalysis to explain contributions of the various IGF-I
al., 1990). The IGF-I(V11A) variant was found to display interactions. As demonstrated here, reducekelicity in

a separation pattern similar to that of native IGF-1 (Figure IGF-I may have other explanations besides incorrect disulfide
4C). Thus, purified IGF-I(V11A) is concluded to possess pairing, as for the V11A variant. Even though the F16A
the disulfide bond pairing corresponding to native IGF-I, and disulfide pattern was not mapped conclusively, we propose
the significant aberration of its CD spectrum must therefore that the cysteine pairing is correct. A strong support for this
have other explanations. The pepsin digestion pattern of conclusion is the fact that F16A has detectable affinity for
IGF-I(F16A) does not match any of the other cleavage the IGF type | receptor and mismatched IGF-I has not been
patterns (Figure 4D). The main reason for this result is most found to possess any detectable receptor binding using a
likely the removal of the dominant pepsin cleavage site in sensitive displacement assay (Forsberg et al., 1990). If the
IGF-1, at the N-terminal side of F16. Further, changes in purified F16A variant was mismatched, it is unlikely that it
hydrophobicity of the different fragments due to removal of would possess higher receptor affinity than the mismatched
a phenyl group may alter elution properties of the fragments. form with the native amino acid sequence.

Variable selection analysis of CD data does not give The formation of native disulfide bonds in IGF-I is not
further conclusive evidence that the disulfide pairing of quantitativein vitro, as demonstrated earlier (Miller et al.,
purified IGF-I(F16A) is correct; mismatched IGF-1 is 1993; Raschdorf et al., 1988; Forsberg et al., 1990; Hober
calculated to have 13%-helical content and native 22%. et al., 1992). The presence of two separate three-disulfide-
The V11A mutant has 15%-helix content and F16A 13%. bonded forms of the mature protein, the native form
Since V11A has correct disulfide pairing based on the peptide (disulfides 6-48, 4752, and 18-61) and the mismatched
mapping, the reason for the reducehelical content may  form (disulfides 6-47, 48-52, and 18-61), motivates
be distortion of the native core of hydrophobic packing. The detailed structural analysis of purified mutated proteins in
side chain of V11 is surface exposed to 68%; the removal order to correctly interpret binding kinetic data and structure
of the y-methyl groups of V11A by introduction of the function relationships. The basis for this suggestion is the
smaller unbranched alanine side chain is likely to affect the difference in secondary structure content between the two
packing of the molecule and thus the secondary structurefolding variants and the reduced biological activity of the
content. Furthermore, the net negative ellipticity contribution mismatched form (Forsberg et al., 1990). The production
is sensitive to the context of the amino acids; this may further of IGF-I and variants thereof must consequently take into
explain the differences between the IGF-I(V11A) spectra and account the possible occurrence of mismatched species, and
the native IGF-I. The large structural changes observed in specific purification of each variant, with the disulfide bond
the F16A mutant, in the same order @fhelical reduction pattern of the native form, must be performed. These special
as in mismatched IGF-I, might be accounted for by the IGF-I properties have been neglected in previous IGF-I
position of the aromatic side chain in the native structure. mutagenesis studies. Analysis of secondary structure from
In the NMR structure (Cooke et al., 1991), the aromatic side CD data has proven to discriminate subtle differences in
chain is solvent exposed to as much as 53% (Figure 1), butsecondary structure content in the IGF-I molecule. The
the F16 side chain also covers parts of the core between thamismatched form is easily identified, and mutants lacking
N-terminal (helix 1) and the C-terminal helix (helix 3). We either the 6-48 or 4752 disulfide bonds display significant
conclude that the aromatic side chain of residue 16 is changes in far-UV CD spectra (S. Hober and B. Nilsson,
involved in stabilizing the IGF-I structure rather than being submitted for publication).
involved directly in any of the specific proteitprotein When the results of this study are compared to previous
interactions analyzed in this paper. The critical role of F16 examples of mutational analysis, performed using single
in maintaining the structural integrity of IGF-I is an important amino acid substituted variants and BlAcore technology, a
finding in this paper. different influence is seen on binding kinetics. In the study

The relatively high percentage Gfstructure found inthe  of the hGH-hGHBP interaction (Cunningham & Wells,
variable selection analysis, but not in the solution structure, 1993), most of the effects of amino acid substitution were
indicates only that CD and variable selection analysis are seen as an increased off-rate of binding. Further, in the hGH
aimed more to fingerprint a specific structure than to study, single amino acid substitutions resulted in either an
quantitate the secondary structures in absolute terms. Theancreased off-rate or a decreased on-rate, but not by affecting
C-region is further mostly unstructured in the reported both. Inthe works on the Z-domain of protein A (Cedergren
solution structures; the CD spectra might contain contribu- et al., 1993, Jendeberg et al., 1995), mutants were found that
tions from this region appearing more Asstructure than influenced either the on- or off-rate or both. The hGH and
random structure. Z studies share the common feature that the protein backbone
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structure is concluded to be intact. In contrast, the IGF-I
structure is found to be sensitive to structural disturbance
caused by substitutions of surface-exposed amino acid
residues.

In this paper we have concluded that the structure of IGF-I
is very sensitive to amino acid substitutions. This rather
extreme feature of the IGF-I molecule, the thermodynamic
folding problem (Miller et al., 1993; Hober et al., 1992),
the polarized charge distribution, and the small hydrophobic
core (Cooke et al., 1991) all contribute to make mutational
analyses less straightforward than what is normally the case.
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