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ABSTRACT. Despite efforts spanning considerably more than a decade, a high-resolution view of the family
of proteins known as insulin-like growth factors (IGFs) has remained elusive. IGF-1 consists of three
helical segments which are connected by a 12-residue linker known as the C-region. NMR studies of
members of this family reveal a dynamic structure with a topology resembling insulin but little structural
definition in the C-region. We have crystallized IGF-1 in the presence of the detergent deoxy big CHAPS,
and determined its structure at 1.8 A resolution by multiwavelength anomalous diffraction, exploiting the
anomalous scattering of a single bromide ion and six of the seven sulfur atoms of IGF-1. The structure
reveals a well-defined conformation for much of the C-region, which extends away from the core of
IGF-1 and has residues known to be involved in receptor binding prominently displayed in a type Il
p-turn. In the crystal, these residues form a dimer interface, but analytical ultracentrifugation experiments
demonstrate that at physiological concentrations IGF-1 is monomeric. A single detergent molecule contacts
residues known to be important for IGF-1 binding protein (IGFBP) interactions. Biophysical and
biochemical data show that the detergent binds to IGF-1 specifically and blocks binding of IGFBP-1 and
IGFBP-3.

Insulin-like growth factor-1 (IGF-£) and insulin-like nonhepatic IGF-1, acting in a paracrine/autocrine manner,
growth factor-2 (IGF-2) are two closely related proteins (72% which appears to be responsible for most of the postnatal
identical) which together are strongly structurally and growth-promoting effects of IGF-18( 9). Consistent with
functionally homologous with insulin. Despite the high its growth-promoting effects, IGF-1 is a powerful mitogen,
degree of sequence similarity between IGFs and insulin regulating diverse cellular functions such as cell cycle
(~50%), distinct functional differences exist between the progression, apoptosis, and cellular differentiation (reviewed
IGFs and insulin. Whereas insulin is primarily a metabolic in refs 10 and 11).

hormone which regulates glucose homeostasis, IGF-1 is a The biological effects of IGF-1 are mediated through
pleiotropic CytOkine that is involved in a wide Variety of both Signa"ng mechanisms originating from the IGF-1 receptor
developmental and metabolic processes. In contrast to insulin,|GFR) (reviewed in refl0). The IGFR, a receptor tyrosine
which acts systemically, IGFs act in both systemic and kinase similar to the insulin receptor (IR), is composed of
paracrine/autocrine signaling pathways (reviewed in fefs  two disulfide-linkedo—f heterodimers. The:-chains are
and2). In the developing embryo, the absence of IGF-1 leads predominantly extracellular, and comprise most of the ligand-
to severe growth retardation which continues postnatatty ( pinding surface. Thg-chains are only partially extracellular,
6). While most ¢ 75%) of the serum IGF-1 is produced by and contain the transmembrane segment as well as the
the liver in response to growth hormone, this liver-derived cytoplasmic tyrosine kinase domain. As in the instiiR
IGF-1 has been shown to be unnecessary for postnatal bodyomplex, IGF-1 binds to the IGFR with a 1:2 stoichiometry
growth in mice 7). Rather, it is the locally produced, (reviewed in refl2), with a high-affinity site Kq ~ 0.4 nM)
and a low-affinity site Kq ~ 6 nM) (13). While IGF-1 is
*The coordinates of IGF-1 have been deposited in the Protein Data able to bind to the IR with low affinity14—16), the role of
Bank as entry 1imx. this interaction is poorly understood, and it is generally

* To whom correspondence should be addressed. Telephone: (650) : : _ :
225-2523. Fax: (650) 225-3734. E-mail: devos@gene.com. accepted that the biological effects of IGF-1 are mediated

§ Department of Protein Engineering. through the IGFR.
' Department of Pharmaceutical Research and Development. Serum concentrations of free IGF-1 are normally very low

1 Abbreviations: IGF, insulin-like growth factor; NMR, nuclear . S :
magnetic resonance; deoxy big CHARSN-bis(3-0-gluconamido- due to the presence of a family of binding proteins known

propyl)deoxycholamide; IGFBP, insulin-like growth factor binding as IGFBPs, which bind to IGF-1 with dissociation constants
protein; IGFR, insulin-like growth factor receptor; IR, insulin receptor; in the low nanomolar rangel{—20). To date, six IGFBPs
NOE, nuclear Overhauser effect; MAD, multiwvavelength anomalous ave been identified. and the binding of IGF-1 to two of
diffraction; PEG, polyethylene glycol; MPD, methylpentanediol; PBS, ! .
phosphate-buffered saline; ELISA, enzyme-linked immunosorbent these, IGFBP-1 and IGFBP-3, has been extensively charac-

assay. terized (8). While the exact biological function of the
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IGFBPs is not well understood, it seems clear that at leastments confirm that the IGF-1deoxy big CHAPS complex
one role is to sequester IGF-1 in an inactive ternary complex does form in solution, and that detergent binding measurably
of IGF-1, IGFBP, and a third protein, the acid labile subunit blocks IGFBP binding.

(reviewed in refl0). Under certain metabolic conditions,

IGFBP-specific proteases release free IGF-1 from the ternaryMATERIALS AND METHODS

complex by cleaving the bound IGFBR(). In addition,
there is evidence that IGFBPs may potentiate IGF-1 activity,
enhancing delivery of IGF-1 to the cell surface for interaction
with the IGF-1 receptorl(0). Because of this large pool of

IGF-1 in serum, and because of the role of IGF-1 in . T .
mediating both insulin-like and mitogenic effects in vivo, (30), and subsequent chromatographic purification, including

the IGFBPs have emerged as targets of indirect agonist drug@rde-scalé reverse-phase high-performance liquid chroma-
design 21). tography 81). Prior to crystallization, IGF-1 was desalted

into 0.15 M NaCl and 20 mM sodium acetate (pH 4.5) and
diluted to a final concentration of 10 mg/mL. Initially,

Crystallization and Data CollectiorRecombinant IGF-1
was obtained from Genentech Process Sciences. The initial
isolation of IGF-1 fromEscherichia coliwas achieved using
aqueous two-phase separati@9)( followed by refolding

Until recently, no crystal structures of either IGF-1 or
IGF-2 existed. Consequently, all structural information lizati al in th ¢
regarding this family of proteins comes either from early CryStallization trials were set up in the presence of 1 mM

attempts at homology modeling using the known structure IGF-l-binding peptide. However, no pepti_de was ever
of insulin (22) or from NMR studies 23—27). However, observed in the crystal, and crystals grown in the absence

o hi P ; f peptide were later shown to be isomorphous to the
IGF-1 is highly dynamic in solution and also prone to ©' P€ .
aggregation, resulting in very broad line widths at neutral specimen reported here. A'A droplet of IGF-1 was mixed
PH (23). Hence, all NMR work has been performed at low With 5 L of reservoir solution [24% PEG 3350 and 0.1 M
pH, where IGF-1 is monomeric28—26, 28). Still, these ~ S°dium cacodylate (pH 6.5)] andil of 14 mM deoxy big
experiments have been plagued by the relatively small CHAPS detergent (Hampton Research, Inc., Laguna Nigel,

number of NOEsZ3), and the resulting structures are poorly ((j:'f‘}‘) _This _src])lution vaas aIIov_ved Ito_ equilibralllte hk_Jy \Tapor
defined. The IGFs and insulin each consist of a small diffusion with 1 mL of reservoir solution. Small, thin plates

formed within 4-5 days. At this point, ZL of 100% MPD
was added, and the crystals dissolved overnight. Within 1

bonds are intramolecular, while in insulin, they connect the W‘Zek' CrVSti‘IS reappeared anqhgre\{v tog:nalhdimens(ijons of
A and B chains. The loop connecting the A and B regions 0.2 mmx 0.1 mmx 0.05 mm with noticeably sharper edges.
in the IGFs (IGF-1 residues 2811) is known as the These crystals were used for all subsequent analysis.

C-region. This loop is analogous to the C-peptide of A single crystal was transferred from the mother liquor
proinsulin, which is excised during formation of the native t0 @ cryoprotectant solution consisting of 25% (w/v) PEG
hormone. Intriguingly, the C-region of IGF-1 appears to be 3350, 30% MPD, 0.2 M sodium cacodylate (pH 6.5), 2.8
largely responsible for IGFR specificityl4—16), with mM deoxy big CHAPS, ath 1 M NaBr. After 30 s in this
mutation of Tyr 31 reducing the affinity of IGF-1 for the ~Solution, the crystal was flash-cooled by plunging it into
IGFR, while having very little effect on IR bindind.§). In liquid nitrogen. All data were collected at 100 K. A four-
contrast to the effect on IGFR binding, mutations or deletions wavelength MAD data set was collected at beamline 9-2 at
in the C-region of IGF-1 have no significant effect on IGFBP the Stanford Synchrotron Radiation Laboratory, with the
interactions {4—16, 21). In addition to the C-region, IGF-1  order of the data sets as follows: Br peak), low-energy
and IGF-2 differ from insulin at their C-termini by a short remote £2), Br inflection ¢.3), and high-energy remoté4).
extension of eight and six residues, respectively, which hasThe Br peak and inflection points were estimated from
been named the “D-region”. Mutations or deletions in the fluorescence scans of the crystal, and the low-energy remote
D-region have no effect on IGFR binding, but rather enhance Was chosen to be 1.54 A, to optimize the small sulfur
affinity for the IGFBPs (4). Little is known about the =~ anomalous signal at this wavelength while minimizing
structures of the C- and D-regions, however, as they areabsorption effects. No inverse beam geometry was used. Data
essentially undefined by the NMR dat23(-27). reduction was performed using Denzo and Scalepdgk (

To better understand its unique biological features, espe- T0 determine the most accurate scale Brfectors possible,
cially its interactions with both IGFBPs and the IGFR, we data for all four wavelengths were initially scaled together,
have crystallized IGF-1 and have determined the structure@ssuming no anomalous signal. The scale 8A@ctors
using multiwavelength anomalous diffraction (MAD) at 1.8 determined from this scaling run were then applied to each
A resolution by exp|0iting the anomalous Scattering of a of the four data sets. Data statistics are reported in Table 1.
single bromide ion and six of the seven sulfur atoms of IGF- The crystals belong to space gralip22;, with the following
1. The C-region of IGF-1, which is ordered in the crystal unit cell dimensions:a = 31.83 A,b = 71.06 A, andc =
structure, forms a type ug_turn and mediates a Crysta| 66.00 A The CryStalS contain one IGF-1 molecule in the
packing interaction across a crystallographic dyad. We havea@symmetric unit. The solvent content of the crystats#%.
characterized the solution state of IGF-1 by analytical  Structure Determinatiorinitial attempts to determine the
ultracentrifugation, and our results indicate that IGF-1 exists structure of IGF-1 by molecular replacement, using either
primarily as a monomer at neutral pH, with only a slight the available NMR models of IGF-1 or the crystal structure
tendency to dimerize at millimolar concentrations. A deter- of insulin, were unsuccessful. For this reason, the structure
gent molecule, deoxy big CHAPS, mediates a crystal packingwas determined de novo by Br MAL38). The coordinates
contact between symmetry-related molecules and interactsof the single bound bromide were determined by manual
with residues implicated in IGFBP binding. Solution experi- inspection of the anomalous and dispersive difference

hydrophobic core formed by three helices stabilized by three
disulfide bonds; in the single-chain IGFs, these disulfide
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Table 1: Crystallographic Statistics for IGF-1
(A) Data Statistics

Al A2 A3 A4
wavelength (A) 0.9197 1.5406 0.9199 0.8610
resolution (A) 20-1.80 (1.83-1.80% 20-2.0 (2.03-2.00) 20-1.8 (1.83-1.80) 20-2.0 (2.03-2.00)
no. of observations 44364 30799 44573 32640
no. of unique reflectiorts 6958 5025 6982 5163
Rinergs 0.044 (0.455) 0.040 (0.117) 0.038 (0.290) 0.038 (0.135)
completeness (%) 98.3 (97.9) 96.1 (93.1) 98.2 (99.1) 98.8 (99.4)
1720 8.1 10.9 9.1 10.2
(B) MAD Phasing
Al A2 A3 A4
Ad cd Ang! A C Ano A C Ano A C Ano
Reuiis® - - 0.84 0.52 0.56 0.94 0.62 0.68 0.92 0.61 0.66 0.91
phasing poweér - - 141 2.80 1.83 1.12 2.32 1.50 1.07 1.85 1.19 1.24
no. of sites 1Br,6S
occupancies 0.70 (Br), 1.0 (S)
overall FOM 0.58 (A), 0.50 (C)
(C) Refinement Statistics

Rerys! 0.247

Riree 0.259

no. of protein atoms 432

no. of detergent atoms 60

no. of waters a7

no. of Br atoms 1

[BproteirJ:(Az) 30.4

EBdetergerl(——(Az) 43.3

Buatel (A?) 41.3

rmsd for bond lengths (A) 0.006

rmsd for angles (deg) 1.054

rmsd for bonded B’s (A 1.65

2 High-resolution shell® Unique reflections assuming Friedel symmetRuerge= ¥ (|l — D)/ Y nalinal) Wherelng is the intensity of reflection
hkl and [ Ois the average intensity of multiple observatioh4.,, acentric reflections; C, centric reflections; Ano, anomalous differerfdsyis
= > ||Fph — Fpl = [Fnea)|/IFpn — Fpl, whereFp, Fp, andFy are the “derivative”, “native”, and calculated heavy-atom structure factors, respectively.
Native in this case refers to the reference data, derivative to the other data sefig tarlde dispersive or Bijvoet differencésPhasing power=
Y IFnl/Y |Fphobs) — Fpncaical, WhereFp, and F, are the derivative and calculated heavy-atom structure factors, respecti@elgupancies of the
atoms used for phase refinement. Refined after data were placed an approximately absolut®sgate.y |Fo — Fc|/3 Fo, whereF, andF¢ are
the observed and calculated structure factor amplitudes, respecivglys the R-factor for a randomly selected 8% of reflections which were not
used in the refinement.

Patterson maps. The hand ambiguity was resolved by phas€@UANTA (version 97.0, MSI, San Diego, CA). Several
refinement using SHARP34), followed by examination of  rounds of phase combination using Sigmaé, 88) allowed
anomalous difference Fourier maps calculated usinglthe the remainder of the molecule to be modeled. Atomic
Bijvoet differences. A cluster of six peaks for one hand of positional and restraine&-factor refinement utilized the
the Br coordinates was consistent with the disulfide structure maximum likelihood target function of CNX (re39 and

of insulin (PDB entry 1ZNI). These six peaks correspond to MSI), coupled with a “mask”-type bulk solvent correction
the six Cys $ atoms in IGF-1; a seventh sulfur (Met 59 and anisotropic overalB-factor scaling. The final model
SO) was never detected in anomalous difference Fourier contains residues-334 and 41-64 of IGF-1, one deoxy big
maps, presumably due to its higher temperature factor (36.7CHAPS molecule, one By and 50 water molecules. Refine-
A?). At this point, the six Cys $positions were included in  ment statistics are reported in Table 1C. The model was
the phase refinement, with ttié data set used as a reference. refined against thel3 data set, since the data statistics
Throughout the phase refinement, thefBmwas refined for demonstrated that this data set is of higher quality than the
thei1 data setf ' andf”’ were refined forl3, and both were  others (Table 1A). All data from 20 to 1.8 A resolution were
kept fixed for data set$2 andi4; thef' andf' values for included in the refinement, and wacutoff was applied. Sec-
sulfur were kept fixed at the theoretical values for each ondary structure assignments were made with PROMOTIF
wavelength. The small anomalous signal from the sulfur (37, 40). Figures 1 and 2 were prepared using MOLSCRIPT
atoms had a modest effect on the phasing statistics, but thg41) and RASTER3D 42); Figure 3 was prepared using
resulting electron density maps exhibited improved con- INSIGHT (MSI).

nectivity, especially in the less well-ordered regions of IGF-  IGF-1 Phage ELISA. E. cotiells (XL1-Blue, Stratagene),

1. Density modification (solvent flattening and histogram freshly transformed with the phage vector pIGF-g3 displaying
mapping) was performed using DM3%, 36), and the human IGF-1 as described in r&8, were grown overnight
resulting electron density maps were of high quality. Ap- in 5 mL of 2YT medium 43). The phage particles displaying
proximately 50% of the structure, corresponding to the three IGF-1 were titered against IGFBP-1 and IGFBP-3 for a-500
helical regions of IGF-1, was built directly into the experi- 1000-fold dilution for preincubation with serial dilutions of
mental electron density maps using the program3%Qp4nd deoxy big CHAPS and binding protein standards for 45 min.
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Maxisorp immunoplates (Nunc) were coated with IGFBP-1

or IGFBP-3 overnight at 4C [50 4L at a concentration of r
3 ug/mL in 50 mM carbonate buffer (pH 9.6)], blocked with
0.5% Tween 20 and PBS, and washed eight times with PBS
and 0.05% Tween 20. The samples were added to the plates ger 34
for 30 min. Plates were washed eight times with PBS and
0.05% Tween 20, incubated with M0 of a 1:10000 horse-
radish peroxidaseanti-M13 antibody conjugate (Amersham
Pharmacia Biotech, Piscataway, NJ) in PBS and 0.5% BSA
for 30 min, and then washed eight times with PBS and 0.05%
Tween 20 and two times with PBS. Plates were developed
using a tetramethylbenzidine substrate (Kirkegaard and Perry,
Gaithersburg, MD); the reactions were stopped with 1.0 M
HsPQ,, and the plates were read spectrophotometrically at
450 nm.

Diffusion-Based Assessment of Detergent BindiigR-
derived diffusion measurements were used to estimate the
Kq for the interaction between IGF-1 and deoxy big CHAPS.
Samples were prepared in 50 mM phosphate buffer,@ D
(pH 6.5, uncorrected meter reading) and contained 1.0 mM
deoxy big CHAPS with 0.5 mM IGF-1, 0.5 mM deoxy big
CHAPS with 0.25 mM IGF-1, 0.25 mM deoxy big CHAPS
with 0.125 mM IGF-1, or deoxy big CHAPS only (1.0, 0.5,
or 0.25 mM). All spectra were acquired at 20 on a Bruker Glu 3
Avance 500 spectrometer equippedwét 5 mmitriple-axis
gradient, triple-resonance probe. Diffusion measurementsFIGURE 1: Ribbon structure of IGF-1. The B-region (residue<’8)

; ; ; is shown in blue, the C-region (residues—2%L) in light yellow,
were t_akzen with gAbED(;Igr plilge paflr rgethOdthgrﬁAiS the A-region (residues 4262) in pink, and the D-region (residues
ms,z = 2 mMs, anch = 25 or 40 ms Tor deoxy big 63 and 64) in white. The thref-turns described in the text are

alone or deoxy big CHAPS with IGF-1, respectivel#). labeled in italics. The three disulfides (Cys-6ys 48, Cys 18
Spectra were collected with 128024 transients as the Cys 61, and Cys 47Cys 52) are shown as yellow sticks. Tyr 31

z-gradient strength was increased from 0.009 to 0.45F m is shown in red at the tip of the C-region.

in 18 equal increments; measurements were taken at least ) _ ) ) _
twice on each sample. Spectra were processed and peaRnNd 54-58) of insulin (Figure 1). The hydrophobic core is
heights extracted with the program FELIX (version 98.0, essentially identical to that described for the NMR structures
MSI). Diffusion constants, the proportion of bound detergent, Of IGF-1, including the three disulfide linkages between Cys
and the resulting< were extracted as described by Fejzo et 6 and Cys 48, Cys 18 and Cys 61, and Cys 47 and Cys 52
al. (45). Two-dimensional NOESY spectrd®) were col-  (23-26). Residues 36 do not form any regular secondary
lected on a 0.5 mM sample of IGF-1 in the presence or Structure, and hence, the structure described here can be
absence of 1.0 mM deoxy big CHAPS detergent with a classified as being most similar to the T-form of insuli).
mixing time of 100 ms. Indeed, when IGF-1 and the T-form of insulin are super-
imposed on the & positions of their respective helical
segments (IGF-1 residues-89, 42-49, and 5461 and
insulin residues B9B20, A1—-A8, and A13-A20), the rmsd

is only 0.47 A. As in insulin, residues 31 at the end of
the B-helix form a type [l -turn, which redirects the
backbone from the B-helix into an extended region. Residues
84—27 form a type VIIIS-turn to accommodate the C-region,
which extends away from the core of IGF-1, and interacts

Type Il turn

) D region
C region P Leu 64

Type NI" turn

B region

Sedimentation Equilibrium Analysighe self-association
of IGF-1 was assessed by sedimentation equilibrium analysis.
The experiments were conducted at 20 in a Beckman
XLA/I analytical ultracentrifuge. The samples were prepared
in 0.1 M citrate buffer (pH 6.5) and 75 mM NaCl with a
loading concentration from 1 to 0.01 mM. The concentration
gradients were measured at rotor speeds of 25 000 and 30 00

rpm at 280 or 285 nm using a scanning absorption optical . :
system. The attainment of an equilibrium state was verified \évét?o?rf]y;nvr\/r;ellt-rdy(;:‘ier:::je?y?eolylef-(iﬁIri (?)?grrtﬁgx)l;?jiessp“ljat;?r?ggo
by comparing successive scans after approximately 16 h. TheTyr 31 at thei + 1 position (Figl'Jre 1). Residues 380

partial specific volume of IGF-1 was calculated from its have not been modeled the electron density in this redion
amino acid composition. The data were fit as a single ideal . ave not been modeled, as the electron density S regio

species or the ideal dimer self-association models using a's Weak_ and disconnected. Of the D-r_eglon, only the first
nonlinear least-squares fitting program, NONLKN7Y. The two res'd“e?* 63 and 64, are ordered in the structure.
association constants were determined from the best-fit values 1h€ C-region of IGF-1 mediates a 2-fold symmetric crystal
of the model, returned by nonlinear least-squares regressionPacKing interaction across tiaeaxis of the unit cell (Figure
2). This interaction buries 689 2Aof solvent-accessible
RESULTS surface area from each molecule of IGF-1, or 13780fal,
and is the largest interface in the crystal. A total of 28
Description of the StructuréGF-1 is composed primarily  intermolecular contacts 3.6 A in length are formed via this
of three helical segments corresponding to the B-helix (IGF-1 interface, with the next most extensive crystal packing
residues #18) and two A-helices (IGF-1 residues 437 interaction forming only nine contacts. The core of the
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Ficure 2: Crystallographic dimer of IGF-1. One monomer is
depicted in gray, the other in blue. The residues which are partially
buried by the dimer interface are labeled for one of the monomers
and are depicted in red. For reference, the N-terminal Glu 3 is
indicated for one monomer. The dashed lines indicate the disordered
region from residue 35 to 40 in each monomer.

interface is dominated by Tyr 24 and Pro 28 from each
monomer, which bury 39 and 572Af solvent-accessible
surface area, respectively. The aromatic ring of Tyr 31, which
lies at the tip of the loop at the furthest point from the core
of IGF-1, packs against the phenolic rings of Phe 23 and
Phe 25 of the symmetry-related molecule. In addition to these
hydrophobic interactions, two main chain hydrogen bonds
(Tyr 31 N-+-Phe 23 O and Ser 34:-NAsp 20 O) are present

in the dimer interface. Residues from the D-region<62)

are also partially sequestered by this dimer formation.
Because of these interactions, most of the C-region in the
crystal is well-ordered, providing the first high-resolution
view of the conformation of this biologically important loop.

A single molecule of deoxy big CHAPS interacts with
residues forming a small hydrophobic cleft on one surface
of IGF-1 (Leu 5, Phe 16, Val 17, Leu 54, and Leu 57) (Figure
3a). The opposite face of the detergent mediates a symmetry
contact with residues Val 11, Leu 14, and GIn 15 of a
symmetry-related IGF-1 molecule. Intriguingly, this face of
deoxy big CHAPS also contacts the edge of the dimer
interface, with close contacts to Phe 23 and Phe 25 of the
same IGF-1 molecule, as well as Tyr 31 and Gly 32 of the
dimeric partner (Figure 3B).

Deoxy Big CHAPS Binds to IGF-1 in Solutidrhe affinity
of IGF-1 for deoxy big CHAPS was ascertained using
solution NMR methods. The chemical shift changes observed
during a titration of deoxy big CHAPS into a 0.5 mM IGF-1
solution suggested that the affinity was submillimolar (data
not shown) and not easily measurable from such data.
Instead, diffusion measurements were taken on samples at
varying IGF-1 concentrations containing 2 molar equiv of
detergent, as well as on several samples of detergent alonéicure 3: Molecule of deoxy big CHAPS binding at a hydrophobic
(the detergent concentration was always lower than the cleft on IGF-1. (a) The molecule of deoxy big CHAPS is depicted
critical micelle concentration of 1.4 mM for deoxy big N stick form, with the deoxy CHAPS headgroup inserted into the

. . . cleft lined by residues Leu 5, Phe 16, Val 17, Leu 54, and Leu 57.
CHAPS and CHAPS). The decrease in the diffusion ConstamThe coloring is according to the alanine-scanning mutagenesis

of the detergent in the presence of the protein can be usedesults of Dubaquie and Lowman§), with yellow indicating a

to estimate the proportion of detergent bound to the protein 5—10-fold reduction, orange a +00-fold reduction, and red a
(45); since the total concentration of detergent and protein >100-fold reduction in affinity for IGFBP-1. The blue surface
is known. a value of the dissociation constant can be corresponds to the symmetry-related IGF-1 molecule which forms

. : . the crystallographic dimer. (b) View from the opposite face of deoxy
determined. At the three protein concentrations that were yig cHAPS showing the interactions of the detergent molecule with

studied (0.5, 0.25, and 0.125 mMy values of 220, 440,  a symmetry-related IGF-1 molecule. The color scheme is the same
and 43QuM, respectively, were obtained. This technique has as in panel A.
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Ficure 4: Results of the detergentGFBP competition binding A
study. Deoxy big CHAPS detergent was used as a competitive
inhibitor of IGF-1 binding to immobilized IGFBP-1) or IGFBP-3 04 fum
(O). As a positive control, soluble IGFBP-®) or IGFBP-3 @) 1 | L 1 |
was used as a competitive inhibitor of IGF-1 binding to immobilized 17.4 17.7 18.0 18.3 18.6
IGFBP-1 or IGFBP-3, respectively. Each data point represents the
average of three independent experiments. r*12 (cm?)

] ] Ficure 5: Nonlinear least-squares analysis of sedimentation
routinely been applied to small molecules (molecular mass equilibrium data for IGF-1 in solution. Data collected at rotor speeds
of less than or equal to several hundred daltons) binding to of 30 000 @) and 35 000 rpm{) were fit as an ideal monomer
large proteins. In this particular case, the ligand is relatively dimer self-association model. The solid lines are the fits of the data.

. . i . The residuals are plotted above the figure for both rotor speeds,
large (862 D‘?l) and t_he protein is _relatlve!y small (7648 Da); and are randomly distributed around zero, indicating that the
hence, the differential decrease in the diffusion constant on menomer-dimer model is correct for this interaction.
binding is small. This increases the uncertainty with which
the dissociation constant can be measured. Given this, theDISCUSSION

data described above suggest thatkhdor the interaction
between deoxy big CHAPS and IGF-1 is 380150 uM. C-Region Conformation and the Dimer InterfacEhe

Deoxy Big CHAPS Blocks IGFBP-1 and IGFBP-3 Bind-  C-region in the IGF-1 crystal structure extends out from the
ing. To examine the binding epitope of deoxy big CHAPS core of the molecule, with residues 383 forming a
on IGF-1, we preincubated detergent with IGF-1 expressed canonical type I|3-turn, and the remainder of the C-region
on bacteriophage particles and measured the level of residuatorming a crystallographic dimer with a symmetry-related
binding to IGFBP-1 and IGFBP-3 in a plate-based assay molecule. Tyr 31 has been implicated as being a critical
(ELISA). As a control, soluble IGFBP-1 was also tested. determinant for IGFR bindingld—16), and its location at
As shown in Figure 4, deoxy big CHAPS inhibited IGF-1 the tip of this extension places it in an ideal location to
on phage from binding to IGFBP-1 and IGFBP-3 wittedC  interact with a receptor molecule. While this region of IGF-1
values of 48Gk 170 and 275t 152uM, respectively. These  is not well-defined by NMR data, the conformation of the
numbers must be interpreted conservatively, however, sincecC.region in the crystal is likely to reflect a prevalent solution
the critical micelle concentration of deoxy big CHAPS (1.4 conformation. There is evidence of a reverse turn at the tip
mM) presents an upper limit on the curve in Figure 4. Despite of the loop and a hinge bending at the loop termini of IGF-2
the limitations of the experiment, the d¢values obtained  (27). Thus, while crystal packing forces undoubtedly help
for deoxy big CHAPS are in good agreement with our NMR-  stabilize the orientation of this loop, its conformation appears
based estimate of &y of ~300 uM for the deoxy big  to be consistent with the solution structure of the closely
CHAPS-IGF-1 interaction. related IGE-2.

Self-Association of IGF-IThe sedimentation equilibrium The size of the interface formed by the crystallographic
data show that IGF-1 undergoes self-association in solution.dimer is well within the range of buried surface area in
The average molecular mass increased with increasingknown biological complexe<t@). In addition, this interaction
protein concentration from 0.01 to 1 mM (data not shown). partially excludes from solvent several of the residues known
The average molecular mass at the highest concentration thato be important for binding to the IGFR, including Phe 23
was studied (1 mM) is~37% higher than the monomer (69% buried), Tyr 24 (64% buried), Phe 25 (29% buried),
molecular mass (10.4 kDa at 1 mM vs 7.6 kDa, the monomer and Tyr 31 (38% buried). Other groups have also reported
molecular mass). At concentrations €0.05 mM, no self- homodimeric interactions of IGF-1 and IGF-2. Laajoki et
association was observed, and IGF-1 exists only as aal. report that at a concentration of 1 mM, an engineered
monomer in solution at neutral pH. If we assume that the form of IGF-1 (Long-[Argf]IGF-1) partitions into~20%
higher-molecular mass species are IGF-1 dimers, the sedi-dimer and 80% monomer2f), a ratio which is in good
mentation data can be fit as a monomdimer model with agreement with our estimate of a 3.6 ni4 In their NMR
aKyof 3.6+ 1.0 mM (Figure 5). The presence of 1 mM study of IGF-2, Torres et al2{) reported that the amide
deoxy big CHAPS did not enhance IGF-1 self-association protons of residues in the C-region were slowly exchanging
(data not shown). with solvent, suggesting that IGF-2 forms a homodimer in
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solution. However, despite the significant amount of surface pool. Such an approach may one day lead to an orally
area which is buried upon dimer formation in the crystal, bioavailable therapy for metabolic diseases such as diabetes.
the affinity of IGF-1 for itself is very weak. In addition, the

known binding stoichiometry of one IGF-1 molecule per ACKNOWLEDGMENT

receptor dimer 12) makes it difficult to rationalize the We are grateful to J. Stamos, S. G. Hymowitz, and C. W.
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leads to a large variation in resonance line widtB)(As a
result, NOESY spectra acquired on IGF-1 contain many

NIGMS).

broad, overlapped peaks and few sharp, well-resolved NOTE ADDED IN PROOF

correlations. NOESY spectra collected for IGF-1 in the
presence of an excess of deoxy big CHAPS have a similar
appearance. Thus, detergent binding is not sufficient to

Recently Zeslawski et al. published the crystal structure

of IGF-1 in complex with the N-terminal domain of IGFBP-5

eliminate the aggregation or inherent flexibility of IGF-1 and (EMBO J. 20 3638-3644). The structure of that complex
does not facilitate characterization of the solution conforma- IS entirely consistent with the model of deoxy big CHAPS

tion of the protein. Likewise, detergent binding does not alte

¢ inhibition of IGFBP binding presented in this manuscript.

the aggregation state of IGF-1, as assessed by analyticahEFERENCES
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