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ABSTRACT: Highly structured, peptide antagonists of the interaction between insulin-like growth factor 1
(IGF-1) and IGF binding protein 1 (IGFBP-1) have recently been discovered by phage displaywvef nai
peptide libraries [Lowman, H. B., et al. (199B)ochemistry 378870-8878]. We now report a detailed
analysis of the features of this turhelix peptide motif that are necessary for IGFBP-1 binding and
structural integrity. Further rounds of phage randomization indicate the importance of residues contributing
to a hydrophobic patch on one face of the helix. Alanine-scanning substitutions confirm that the hydrophobic
residues are necessary for binding. However, structural analysis by NMR spectroscopy indicates that
some of these analogues are less well folded. Structured, high-affinity analogues that lack the disulfide
bond were prepared by introducing a covalent constraint between side chains at positidinst- 7 or

i + 8 within the helix. Analogues based on this scaffold demonstrate that a helical conformation is present
in the bound state, and that hydrophobic side chains in this helix, and residues immediately preceding it,
interact with IGFBP-1. By comparison of alanine scanning data for IGF-I and the halix peptide, we
propose a model for common surface features of these molecules that recognize IGFBP-1.

Phage display has emerged as a powerful technique forindicates that they often adopt compact conformations and
discovery and optimization of peptide ligands to proteins of may be considered miniprotein domains. Thus, the phage
biological interest (reviewed in reff). The combination of  optimization process may also select for these stable,
phenotype (the displayed peptide) and genotype (the DNA structural motifs in some instances.

sequence encoding the peptide) within the phage particle The ability of phage display to identify new molecules
allows efficient sorting and amplification of libraries contain-  that influence proteirprotein interactions has great promise
ing on the order of 18—10'* individual members3). So-  for developing novel biotechnology reagents, e.g., by block-
called “nave” peptide libraries, in which peptides of 35  ing a particular proteirprotein interaction and thereby
20 residues of random sequence are fused via a flexible Iinkerva”dating it as a suitable drug target or for selectively
to gene Ill or gene VIII coat protein of M13 phage, have antagonizing particular elements of a complex, multicom-
led to the discovery of novel, structurally defined antagonists ponent signaling pathway to allow a better understanding of
and agonists of proteinprotein interactions (see, for ex-  function. Although phage display can identify peptides of
ample, refs3—5). Inclusion of potential conformational  potent and selective activity in vitro, peptides are not usually
restraints (e.g., pairS of CySteine residues to form disulfide considered good drug candidates because of poor bioavail-
bonds) improves the recovery of high-affinity peptides during apility following oral administration and rapid clearance or
the selection process, presumably by imparting structural biasgegradation when injected into the serum. However, phage-
to the peptide (thereby reducing the entropic cost of binding derived peptides bind tightly and selectively to their target;
to the target) 1, 6). The phage display process selects hence, they may provide useful starting points from which
primarily for binding, sometimes modulated by avidity, drug-like molecules might be designed. While those peptide
expression, secretion, or stability effects. However, structural side chains that contribute to protein binding can be
anaIySiS of a number of these peptides, either free in SOlUtionestabnshed from aff|n|ty measurements for pep'ude ana-
(5, 7) or in complex with their target proteir8(4, 7—11), logues, the spatial relationship between the moieties neces-
sary for binding is best established from structural studies
* Atomic coordinates have been deposited in the Protein Data Bank Of the peptide bound to its target proteB) 4, 7—10). With
for three of the peptides described in this work for which three- this information in hand, the process of design, synthesis,

dimensional structures were determined. Accession numbers for gnq screening of small molecules presenting the pharma-
minimized mean and ensembles are 1gje and limw for bp1-01, 1gjf h beai

and 1lin2 for bpli( + 7)C, and 1gjg and 1in3 for bpil#+ 8)D, cophore can begin.

respectively. IGF-I* plays a crucial role in cell growth and metabolism
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(IGFBP-1-6) that sequester the hormone and prevent Pro5, Leu6, and Trp8 (library 1); Arg2, GIn7, Leu9, and
receptor binding13). Control of the IGF receptor signaling  Glull (library 2); Ala3, Lys12, and Tyr13 (library 3); and
pathway may provide an efficient means of affecting Gly—1, Glull, Lys12, Tyrl3, and Phel4 (library 4). The
metabolic diseases such as diabel&y. (Antagonists of the  products of random mutagenesis reactions were electropo-
interaction between IGF-I and IGFBP-1 hold promise in this rated intoEscherichia colistrain SS-3202) and amplified
regard since they would block sequestration of the endog-at 37°C overnight with M13K07 helper phage (Stratagene).
enous IGF-I, raise local concentrations of the hormone, and After incubation at 37C for 1 h, estimates of % 10" to 1
promote signaling. Recently, a series of phage-derived x 10° transformants per library were obtained by titration.
peptides have been described that block binding of IGF-Ito  Human IGFBP-1 was produced in Chinese hamster ovary
IGFBP-1 6). One such 15-residue peptide, termed bp1-01, cells (18) as previously described). To minimize avidity
binds to IGFBP-1 with &y of ~1 uM. Analysis of NMR effects, phage were equilibrated with biotinylated IGFBP-1
data indicates that this peptide adopts a stable-thatix in solution. Typically, 18—10'° purified phage were treated
fold in solution. The phage-derived peptides have been shownwith MPBST (PBS containing 5% skim milk and 0.05%
to promote IGF-I signaling activity in the context of an in Tween-20) fo 1 h atroom temperature and equilibrated with
vitro KIRA assay b), and hence may constitute a good the biotinylated target at room temperature foh (rounds
starting point for the design of small molecules having 1-—3) or overnight (round 4). The concentration of the target
therapeutic potential. was reduced in successive rounds of selection (400, 200, 20,
To date, only limited structural information has been and 4 nM for rounds %4, respectively). Target-bound phage
reported for any IGF binding proteii%), and we have been  were captured by incubating with streptavidin magnetic beads
unsuccessful in our attempts to characterize structurally the(Promega) for 25 min at room temperature. The beads were
complex between the phage peptides and IGFBP-1. To learnthen washed up to 10 times with PBS-Tween or MPBST
what features of the peptide are necessary for binding to before eluting bound phage with 0.1 M HCI and immediately
IGFBP-1, we now report a detailed structtiactivity neutralizing with'/; volume d 1 M Tris (pH 8.0). The eluted
analysis based on the conformation of the uncomplexed phage were propagated by infecting XLE. coli cells
peptide in solution. Transfer of the epitope identified in this (Stratagene) for the next selection cycle. After four rounds
work to a more rigid peptide scaffold produces molecules of selection, 40, 61, 93, and 66 clones were sequenced for
that still bind tightly to IGFBP-1, demonstrating that the libraries -4, respectively.
conformation of the peptide free in solution is similar to that ~ BlIAcore Kinetics AssaysThe affinity of bpl-02 for
present when bound to IGFBP-1. Finally, by considering IGFBP-1 was determined in direct binding assays in which
structure-activity data for IGF-I itself 16), we hypothesize  the association and dissociation kinetics were measured using
about the surface regions of IGF-I that the peptides mimic a BIAcore-2000 (BlAcore, Inc., Piscataway, NJ) SPR instru-

when they bind to IGFBP-1. ment (19). IGFBP-1 was covalently coupled onto carboxy-
methyl dextran biosensor chips (CM-5; BlAcore, Inc.) via
MATERIALS AND METHODS EDC and NHS, as described by the manufacturer, to a density

Polyvalent bp1-02 PeptidePhage Binding Selectiona. of ~2700 RU. Unreacted groups were blocked by reaction

phagemid cloned1 (5), containing DNA encoding the bp1- with 1 M ethanolamine. For kinetics measurements, serial

; dilutions of peptide were injected in running buffer (phosphate-
02 peptide, SEVGCRAGPLQWLCEKYFG, fused through i o
a linker peptide, GGSGGGA, to the N-terminus of the buffered saline, containing 0.1% Tween-20 and 0.01%

sodium azide) at a flow rate of 20./min for 3 min, followed
by a dissociation period of 5 min (see Figure 2A). No
regeneration step was used, as the peptide had fully dissoci-

bacteriophage M13 major coat protein gene, gVIIl, was used
as the starting point for further peptide mutagenesis. Note
that throughout this work, peptide residues are numbered with ) D . .
the N-terminal cysteine as residue 1 since in all of the ated by the end of .the d|ssouat|9n period ‘f"s.IUdged by a
subsequent synthetic peptides, the four N-terminal residues“?turn .of.the SPR signal to basellnt_e. Assomaﬂkxg)(and
of bp1-02 were omitted. Templates with TAA stop codons dissociation K) rates_we_re _determlned f_rom a fit of the
at the sites targeted for randomization were prepared to?uiﬁ,goa?];ylsitaggﬁn\jg:eb'nd'ng model using the manufac-
prevent contamination by the wild-type sequence. Degenerate o> ) . .
NNS codons (where N is an equal mixture of A, G, C, and BlAcore Inhibition Assayslhe ability of bp1-01 peptide
T and S is an equal mixture of G and C) were used in Variants to inhibit IGFBP-1 binding to IGF-1 was assessed
standard mutagenesis reactiohg) (o generate four libraries In a competltlye binding assay using .the BlAcore-2000
in which the following residues were randomized: Gly4, nstrument. This type of assay has previously been used to
compare the relative affinities of IGF-1 variants for binding
to the IGF binding proteins2Q). IGF-1 was biotinylated as
previously described5] and captured by injection over a

1 Abbreviations: 2QF-COSY, double-quantum-filtered spectroscopy;
DCM, dichloromethane; DIPEA, diisopropylethylamine; DMK,N-

dimethylacetamide; DMSO, dimethyl sulfoxide; EDSsethyl-N'-[3- StreptaVid.in'“nkF—'d biosensor Chi.p (SA C_hip; BlAcore, Inc.)
(dimethylamino)propyljcarbodiimide hydrochloride; FMOC, 9-fluore-  at a density of 408800 RU. Serial dilutions of each bpl-
nylmethyloxycarbonyl; HATUO-(7-azabenzotriazol-1-yi,N,N',N'- 01 variant, in addition to a wild-type control, were mixed

tetramethyluronium hexafluorophosphate; HBTU, 2-(H-benzotriazol- . . . .
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate; IGF-I, insulin- With @ constant concentration (40 nM) of IGFBP-1 in running

like growth factor I; IGFBP, IGF binding protein; KIRA, kinase receptor ~ buffer containing 0.05% ovalbumin (Sigma) to prevent
activation; NHS, N-hydroxysuccinimide; NMR, nuclear magnetic  nonspecific binding. In some cases;4.5% DMSO was

resonance; NOESY, nuclear Overhauser effect spectroscopy; rms, root- ; it At ; ;
mean-square; ROESY, rotating frame Overhauser effect spectro:scopy;added to prevent peptide precipitation. After incubation for

RU, response units; SPR, surface plasmon resonance; TOCSY, tota=1 N at room temperature, 3. samples were injected at
correlation spectroscopy. a flow rate of 1QuL/min over an IGF-1-coated flow cell as
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well as over a control (streptavidin only) flow cell. After ously 6, 23). Distance restraints and dihedral angle restraints
each injection, the signal from the control flow cell was were generated from ROESY data, & 150 ms) and 2QF-
subtracted, and then the relative amount of IGFBP-1 bound COSY or COSY-35 spectra, respectively, as described in
to IGF-1 was recorded as the net response over pre-injectionref 24. One hundred initial structures were calculated using
baseline. Regeneration was achieved with a 30 s pulse ofthe hybrid distance geometry/simulated annealing program
10 mM HCI. The amount of free IGFBP-1 was plotted as a DGII (25); 80 of these were further refined by restrained
function of peptide concentration and fit to a four-parameter molecular dynamics using the AMBER all atom force field
binding curve 21) using the program KaleidaGraph (Synergy implemented in DISCOVER as described previousiy)(
Software) (see Figure 2B). Relative activities were calculated Twenty conformations of lowest restraint violation energy
as the I1Gg(variant)/IGg(wt) ratio. were chosen to represent the solution conformations. In no
Peptide SynthesisAll peptides were synthesized as structure were there any distance restraint violatiors@fL
C-terminal amides on a Pioneer synthesizer (PE Biosystems)A, any dihedral angle restrain violations &fl.5°, or any
using standard solid phase peptide chemistry with FMOC- residue with backbone geometry in a disallowed region of
protected amino acids on @alkoxybenzyl alcohol resin.  ¢—1 space. A summary of input restraints and structural
Amino acids were purchased from BACHEM Ca. (Advanced statistics for the three calculated structures is presented in
ChemTech) or Calbiochem Corp. Amide couplings were Table 1 of the Supporting Information.
performed with 2-4 equiv of HBTU-activated amino acid
and 4 equiv ofN-methylmorpholine. FMOC groups were RESULTS
removed with 20% piperidine in DMA. Cleavage and . . . . .
deprotection with TFA containing 5% triethylsilane afforded ansevatlon of Residues in Segondary P_hage L|br.ar|es.
crude linear peptides after evaporation of the TFA. The resin Préviously, we reported a 19-residue peptide that binds to
was washed with diethyl ether, and the peptide were extracteleFBP'l. (bp;-OZ). T.h|s'pept|de, and the truncated. analogue
from the resin with 100 mL of a 2:1 water/acetonitrile bpl-Ol,_|nh|b|t the b'”?"”g of IGF-I to IGFBP-1 with k&
mixture. Disulfide oxidation was carried out via dropwise Valués in the low micromolar range5)( In the study
addition of a saturated solution of iodine in acetic acid at 25 presentgd he.re, pOIWalem phage dlsplay_o_n gVIil has been
°C with vigorous stirring until a slight yellow color persisted. used to identify those residues that are critical for IGFBP-1

In some cases, peptides were purified by HPLC before andPinding. Nucleotides corresponding to all non-cysteine
after formation of the cyclic disulfides. The oxidized peptides residues W'th'n b.p1-02 were randomlzed in at least one of
were lyophilized and purified by preparative reverse phase four phage libraries (see Materials and Methods), and the

C-18 HPLC (CHCN/H,O gradient, 0.1% TFA). Pure frac- libraries were subjected to four rounds of selection against
tions (>98% pure as determined by analytical HPLC) were IGFBP-1 and amplification. In subsequent sequencing of the

combined and characterized by electrospray ionization mass>¢/ected phage clones, residues were assigned to one of three
spectrometry (Sciex API1100) and lyophilized. categques depen_qlng on Whethg'r the original amino acid type
The locked-helix peptides were synthesized by a modified was (i) al\_/vays, (”_) _mostly, or (iif) rgrely '_[he same as that
version of the previously published procedu2g)( Peptides observed in the (_)nglnal bpl-QZ peptide (Figure 1A and Table
were synthesized as described above, with coupling 01‘?20f the Supportlng Informanon). Leu6, Trp8, and Leud fall
FMOC-GIu(OAIl)-OH (Nova Biochem) at the C-terminal |nto_the first category, while Gly4, PrpS, Tyrl3, and Phel4d
position of the “lock”. The 1,5-diaminopentane linker was fall into th_e secoqd category. The highly conserveq hature
precoupled to the side chain of the second Glu and of these side chains suggests that they are more important

incorporated into the peptide (at the more N-terminal position for I_GFBP'l binding than the less conserved class iii side
of the lock) as the FMOC-Glu-(BAlloc-1,5-diaminopentyl) chains.
amide (the FMOC amino acid was a gift from A. Braisted). ~ Measurement of Peptide Affinity for IGFBR-We used
After acetylation of the N-terminus, allyl protecting groups surface plasmon resonance (BlAcore) to characterize the
were removed by treatment for 1.5 h with dichlorobis- binding of peptides to immobilized IGFBP-1. The dissocia-
(tr|pheny|phosph|ne)pa”ad|um(||) (100 mg per 0.2 mequiv tion of bp1'01 was too fast for accurate determination of
of resin) dissolved in 10% piperidine in DMA. The resin the off-rate. Dissociation of the longer variant bp1-02 was
was then washed successively with 20% piperidine in DMA, slower (Figure 2A), and the rate constants could be measured
DMA, a solution of sodium diethyldithiocarbamate trihydrate (Kon = 2.30 x 10° M7t s7% kot = 5.03 x 1072 s7H Ky =
(100 mg) and 10% DIPEA in DMA, DMA, and DCM. The ~ 0.22uM). The dissociation rate constant indicates a half-
resin was resuspended in dichloromethane. After addition life for the peptide-IGFBP-1 complex of 28 s. The associa-
of DIPEA (1.5 mmol/mequiv of resin), the deprotected side tion rate constant is moderately fast, consistent with the
chains were coupled by dropwise addition of HATU (1 hotion that the peptide does not undergo a significant
mmol/mequiv of resin) dissolved in a minimum volume of conformational change upon binding to IGFBP-1.
DMA. After 1.5—3 h, the resin was washed and tested with  Many of the peptides discussed below had binding kinetics
ninhydrin for free amines. If cyclization was not complete, similar to those of bp1-01 (i.e., dissociation rate too fast to
the resin was treated again with 0.5 equiv of HATU. characterize accurately). Instead, a competitive binding assay
Cleavage and purification were as described above. using BlAcore detection was used to measure the ability of
NMR Spectroscopy and Structure CalculatioMVIR these peptides to inhibit the binding of IGFBP-1 to biotin-
samples contained-5L0 mM peptide in a 92% kD/8% D,O ylated IGF-I presented on streptavidin-coated biosensor chips.
mixture (pH 5.0-5.3) and ~100 M 1,4-dioxane as a In these assays, an d€of 1 or 0.2u4M was observed for
chemical shift reference. All spectra were acquired on a inhibition by bp1-01 or bp1-02, respectively (Figure 2B).
Bruker DRX-500 spectrometer at 3C€ as described previ- We find that the BIAcore competition assay gives more
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FiGURe 1: (A) Residue conservation during phage optimization of FISURE2: (A) Association and dissociation kinetics of peptide bp1-
bp1-01. Side chains on the bp1-01 minimized mean structre ( 02 using the BlAcore instrument. Serial dilutions of peptide from
are colored red, orange, or yellow, for residues that are always, 3:34M t0 1.3 nM were injected over IGFBP-1 immobilized on a
mostly, or not conserved, respectively. (B) Inhibition of IGF-I carboxymethyl dextran biosensor chip. Bound peptide is shown as
binding to IGFBP-1 by alanine-scan analogues. The side chains of €SPONse units (RU) as a function of time. (B) Inhibition assays

L ; he BlAcore instrument for detection of free IGFBP-1. Serial
the minimized mean bp1-01 structut® @re colored accordingto ~ USiNg t .
the effect on IG relative to bp1-01: white (22-fold), yellow (2— dilutions of peptides bp1-0X), bp1-04 @), or bpl{ + 7)D @)
10-fold), orange (16:30-fold), or red ¢ 30-fold). This figure was ~ Were mixed with IGFBP-1 and injected over a streptavidin chip to
prepareﬁ using the program’ Insightll (MSI, San Diego) which biotinylated IGF-1 was bound. The relative amount of
' ' IGFBP-1 binding to IGF-1 was measured immediately after
injection of each sample and plotted as a function of peptide

reproducible results than the ELISA competition that we have concentration. Four-parameter fits were used to calculaevélues
. . (see Materials and Methods).

used previouslyg, 16). For a number of peptides, the level
of inhibition of binding was also measured with an IGF-I
phage ELISA (data not shown); d&values determined with ~ analogues are folded. The rms differences for these param-
this method were comparable to those obtained with the eters are listed in Table 1, and are maximal for bp1-01 [1.63
BlAcore instrument. Hz and 0.25 ppm fofJun-na andd(H®), respectively]. The

Scanning Mutagenesis of bp1-01 Using Synthetic Peptides.alanine analogues form a continuum between the folded (bp1-
To assess directly the importance of each side chain, we01) and unfolded (Cys to Ser analogue) state, with replace-
replaced each residue individually with alanine. BIAcore ment of Gly4, Leu6, or Leu9 having a large destabilizing
competition experiments were performed with each variant effect, removal of the aromatic rings having a moderate
to assess the degree of inhibition {JCof binding between effect, and other analogues being close to fully folded. For
IGFBP-1 and IGF-I (Table 1). Side chains that were the less folded analogues (as judged from the NMR
conserved or mostly conserved in the phage analysis generparameters), loss of affinity may in part be due to the
ally also caused a greater than 6-fold increase i When structural reorganization and not to the loss of direct IGFBP-1
substituted with alanine (Figure 1B). Pro5 is the only contacts.
exception to this; it was mostly conserved, but alanine  Additional Single-Residue SubstitutioAsnumber of other
substitution increased kgonly 1.5-fold. analogues were synthesized to obtain a more complete

NMR spectroscopy was used to assess the impact of thestructure-activity relationship for bp1-01, as summarized
alanine substitutions on the structure of the peptides.in Table 2. These analogues focus on three areas of the bp1-
Replacement of both cysteine residues of bp1-01 with serine01 structure: the Gly-Pro turn preceding the helix, the pair
produced a low-affinity peptide whose NMR parameters of leucines in the middle of the helix, and the aromatic
indicate the absence of folded structur®.(Thus, the residues at the C-terminus of the helix.
analogue lacking the disulfide bond is a good model for the  In the ensemble of structures determined for bp1-01, Gly4
unfolded state, and deviationsOfin-ne coupling constants  has ap angle that is either positive or close to 28Placing
and H chemical shifts from the values observed in this anL-amino acid in such a conformation would be energeti-
analogue give an indication of the extent to which other cally unfavorable, because of both intrinsic backbone con-
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Table 1: Relative Activities and Structural Integrity of bp1-01
Ala-Scan Peptide Variants

Table 2: Relative Activities and Structural Integrity of bp1-01
Peptide Variants

relative activity  3Jun—na®  O(H®)C relative activity 3Jun—na® O(H®)d

name ICso(mut)/ICso(wt)  (Hz)  (ppm) analogu@ name  ICso(mut)/IGso(wt) (Hz) (ppm)
wild type bp1-01 1.0 1.65 0.28 wild type bp1-01 1.0 1.65 0.28
CyslSer, Cys2Ser bpl1-06 220 0.0 0.0 Arg2p-Ala bplp-Ala2 >25 nd nd
Arg2Ala bp1-115 0.9 nd nd Ala3p-Ala bplp-Ala3 >25 nd nd
Gly4Ala bp1-29 50 056 0.10 Ala3Lys bp1-110 1.9 nd nd
Pro5Ala bp1-30 15 nd nd Gly4p-Ala bplo-Alad 1.2 1.23 0.16
LeubBAla bp1-72 30 0.77 0.10 Pro5Arg bpl-131 4.8 nd nd
GIn7Ala bpl-71 0.7 171 0.18 Pro5Asn bp1-134 3.4 0.86 0.07
Trp8Ala bp1-70 7.4 1.35 0.16 Pro5Thr bp1-133 1.7 1.07 0.08
Leu9Ala bp1-69 33 0.81 0.09 Trp83Nap bp1-123 4.8 1.21 0.18&
GlullAla bp1-76 2.9 1.17 0.13 Trp8His bpl-124 3.8 0.80 0.10
Lys12Ala bpl-75 3.4 1.4 0.19 Trp8Arg bpl-122 3.3 nd nd
Tyr13Ala bpl-74 13 1.31 0.15 Leu6Nle bp1-136 6.2 1.23 0.24
Phel4Ala bpl-73 6.2 1.37 0.15 LeubArg bpl-132 >40 0.99 0.08
aRelative inhibitory activities were determined from thesd@or Il:eu9NIe bp1-137 1.9 123 027
L L : " ; eu9Arg bp1-126 >40 0.77  0.08
inhibition of IGFBP-1 binding to immobilized IGF-I in BlAcore T )
" i A - yr13Phe bp1-68 53 nd nd
competition assays; the inhibition by the analogue peptidsy(fit@it)] Tyri3Aib bpl-Aib13 6.3 nd nd
is compared to the inhibition by bp1-01 #gwt) = 1.1+ 0.7 uM]. Phel4Tyr bpex 3'5 nd nd
bThe rms differences ofJun-na. between the analogue listed at the T i ,
: . yr13Ala/Phel4Ala bpl-118 23.0 155 0.16
left and the unfolded cysteine to serine analogue (bp1-06). NMR data ;75 bpl-116 0.89 149 0.28
were not analyzed for the analogues indicated by ¢fidhe rms A13-15 bp1-117 31.0 119 015
differences in the Michemical shift between the analogue listed atthe A1o5_15 bp1-04 200 135 013

left and the unfolded cysteine to serine analogue (bp1-06). NMR data
were not analyzed for the analogues indicated by'ivhlues calculated

for the predominant trans form of the At&@ro peptide bond® NMR

data collected in 16% (v/v) acetonitrile to limit self-association of this
peptide.

a BNap, s-naphthylalanine; Aib, aminoisobutyric acid; Nle, norleu-
cine.? Relative inhibitory activities were determined from thed@r
inhibition of IGFBP-1 binding to immobilized IGF-I in BlAcore
competition assays; the inhibition by the analogue peptide(itiit)]
is compared to the inhibition by bp1-01 fgwt) = 1.1 £+ 0.7 uM].

. . .. . . . $The rms differences ofJun-na between the analogue listed at the
siderations and steric interactions between the side chain an ft and the unfolded cysteine to serine analogue (bp1-06). NMR data

the ring of ProS. This is found experimentally, as the Gly4 \yere not analyzed for the analogues indicated by %fithe rms
to L-Ala substitution was very detrimental to both the activity differences in 4 chemical shift between the analogue listed at the left
(50-fold effect on 1Gg) and structure of bp1-01. Analysis of ~ and the unfolded cysteine to serine analogue (bp1-06). NMR data were
NMR spectra for this analogue indicated the presence of two 1ot analyzed for the analogues indicated by TNMR data collected
species arising from cistrans isomerization of the Ala4 in 10% (v/v) ds-acetonitrile to limit self-association of this peptide.
Pro5 peptide bond with the predominant trans isoform
(~70%) having a perturbed structure (Table 1). However, be due to a structural perturbation of the helix. Finally, the
replacing Gly4 withb-Ala (Table 2) results in a peptide that leucines were replaced with the non-natural amino acid
adopts a single conformation similar to that of bp1-01 and norleucine. NMR data indicated that these analogues were
has activity equivalent to that of bp1-01. Thus, a positive  folded (Table 2), while BIAcore measurements showed only
angle is necessary at position 4 for tight binding. Replace- a 6-fold (Leu6) or 2-fold (Leu9) increase in 4& Thus,
ment of the adjacent proline residue with arginine or the more aliphatic side chains are required in the central stripe of the
common helix N-cap residues asparagine and threoninehelix to promote structure and efficient binding to IGFBP-
decreased the level of inhibition by only-3-fold. The 1
structure determined previously for bp1-01 indicated that the  In the C-terminal region, removal of the phenolic hydroxyl
helix is capped by an unusual motif in which the indole of Tyrl3 increased the Kg by 5-fold (bp1-68; Table 2),
hydrogen of Trp8 forms a hydrogen bond to the carbonyl whereas replacing both Tyrl3 and Phel4 with alanine
oxygen of Pro5%). The hydrophobic bulk of the tryptophan resulted in a 23-fold reduction (bpl-118; Table-2). C-
and this hydrogen bond interaction both appear to be Terminal truncations were also deleterious to binding, giving
important for activity since replacing Trp8 with histidine rise to a 31- or>200-fold increase in 16 with removal of
(presumably allowing the hydrogen bond) and replacing Trp8 Tyr13—Gly15 (bp1-117) or Lys12Gly15 (bp1-04), respec-
with S-naphthylalanine (hydrophobic bulk similar to that of tively. An ensemble of structures was calculated on the basis
tryptophan) both reduced the level of binding slightly (Table of the NMR data for the latter peptide. As depicted in Figure
2). 3, bp1-04 contains a single turn of helix (Let6lull), a
Leu6 and Leu9 were completely conserved in the poly- type | reverse turn (Gly4Pro5), and a relatively ill-defined
valent display phage selection experiments (Figure 1 andloop (Cyst-Gly4). All of these features are present in bpl-
Table 2 of the Supporting Information) and were very 01, giving rise to an rmsd between bp1-04 and bp1-01 of
sensitive to alanine substitution (Table 1). Analogues with 0.54 A (calculated using backbone atoms of residuesa
each Leu replaced with Arg were prepared in an attempt to in the mean structures). Thus, the C-terminus of bp1-01 is
preserve the hydrophobic interactions between the side chaingequired for binding to IGFBP-1 but is not necessary for the
in the helix (i.e., preserve the structure of bp1-01) while rest of the peptide to fold.
presenting a polar exterior face that might interfere with  Alternative Presentation of the bp1-01 Heli&. scaffold
IGFBP-1 binding. These analogues did not bind but were that remains helical even when the central hydrophobic
only partially folded, suggesting that the increase igI8ay residues are substituted would allow deconvolution of
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apparent from the coupling constant and chemical shift data
summarized in Table 3. Moreover, manyi + 3 H*—HN

or H*—H# NOEs were observed for these peptides, confirm-
ing a helical structure. We presume that the covalent tether
kinetically traps the helical conformation as the lock is closed
on the resin. The data presented here suggest that in the
absence of residues N-terminal to Leu6, either the helix is
not highly populated prior to formation of the final macro-
cyclic bond or the small N-terminus of the peptide can feed
through the macrocycle and unwind the helical structure.
Nonetheless, once additional N-terminal residues are in-
cluded, a stable helical structure is produced.

For two of the potent helical peptides [bpX 7)C and
bpl({ + 8)D], restraints were generated from the NMR data
and used to determine structures; in both cases, the backbone
atoms within the helix are well-defined (mean backbone atom
rmsds from the mean structures are 416.06 A for Pro5-
GIni14 of thei—i + 7 peptide and 0.38 0.11 A for Pro5-
Ficure 3: C-Terminal truncation of bp1-01. The ensemble of 20 Gln.15 of th?'__' +8 peP“de)' as are the hydrophobic s_|de
structures for bp1-04 (blue) is overlaid on the minimized mean chains. Thei—i + 7 variant has a backbone conformation
structure of bp1-01 (white) using the N¢Gnd C atoms of residues  similar to that of bp1-01 (mean backbone atom rmsd from
Pro5-Cys10. For clarity, only side chain heavy atoms of Cysl, the mean bp1-01 structure of 1.1 0.04 A for residues
Pro5, Leu6, Trp8, Leu9, and Cys10 are shown. This figure was 5_14y - although some of the side chain orientations are
prepared using the program Insightll (MSI, San Diego). perturbed, presumably due to replacement of Phel4 with the

tether (Figure 4A). The—i + 8 variant is very similar to
structural destabilization from direct IGFBP-1 contact effects bp1-01 at both the backbone (mean backbone atom rmsd
on ICso. Previous studies have shown that side chains of from the mean bp1-01 structure of 0.£2.08 A for residues
residues at andi + 7 are sufficiently close in a helix{10 5—15) and side chain level (Figure 4B).
A) that creating a covalent tether between them stabilizes a Alanine substitutions of Leu9 made in the context of the
helical conformationZ?2). A suitable cross-linking chemistry  locked-helix scaffolds lead to a greater than 200-fold
involves replacement of the two residues with glutamates reduction in the level of inhibition compared to bp1-01. In
that are coupled via amide bonds with 1,5-diaminopentane.the case of thé—i + 7 scaffold, the NMR parameters
The preceding structureactivity data indicate that only the indicate that the helix is still highly populated (Table 3).
hydrophobic face is required for binding and therefore a Thus, the decrease in the level of inhibition can be attributed
covalent tether could be introduced on the nonhydrophobic directly to a contact between Leu9 and IGFBP-1. Curiously,
face of bp1-01. Moreover, due to the nonclassical nature of the NMR parameters for the alanine-containing + 8
the C-terminus of the bp1-01 helix,“®f GIn7 is ~10 A scaffold suggest that the helix is not significantly populated
from both Phel4 €(i + 7) and Gly15 C (i + 8). Hence, (Table 3). Thus, thé—i + 8 scaffold mimics bp1-01 very
a series of locked-helix analogues were synthesized thatclosely, in that it has a well-folded helix when residue 9 is
lacked the disulfide bond but contained a tether linking a leucine, but is not folded when this residue is substituted
position 7 to either position 14 or 15. A further benefit of with alanine. Presumably, the extra residue between the
the locked-helix scaffold is that N-terminal truncation may tethering points in thé—i + 8 molecule allows a greater
be performed since residues @ are outside the constraining degree of conformational variability than in thei + 7 case.
macrocycle. BIAcore competition assays and NMR data were Molecular Surface of bpl-01Analysis of the bpl-01
collected on the peptides to assess binding to IGFBP-1 andensemble reveals that in 15 of the 20 structures there is a
the structural integrity of the peptides (Table 3). small cavity adjacent to the hydrophobic surface of the helix

Presentation of LeubTyr13 in a locked-helix framework  (Figure 5A). The side chains of Leu6, Leu9, and Phel4
with either thei—i + 7 ori—i + 8 tether does not produce define the sides of this feature, and the side chain of Cys10
peptides capable of binding to IGFBP-1. However, NMR forms the bottom. The N-terminal residues of bl are
parameters for these analogues do not provide any evidencehe least well-defined part of the structure; hence, in five
of helical structure; in addition to the coupling constant and cases, the side chains of Cys1 or Ala2 partially occlude the
chemical shift data summarized in Table 3, none of the opening. This pocket is about the size of a methyl group,
medium-range NOEs expected for a helix were observed.and potentially represents a binding site for some (as yet
The influence of the N-terminus on structure and binding unspecified) protrusion on the surface of IGFBP-1. To test
was tested by the addition of N-terminal residues to the whether this feature is important for IGFBP-1 binding, four
constrained core of the locked-helix peptides. Addition of peptide analogues were prepared with the aim of filling this
an N-terminal proline led té—i + 7 ori—i + 8 peptides hole by the addition of atoms to the aromatic ring of Phel4
that were only 20- or 3-fold reduced in affinity relative to  (4-methyl, 3-methoxy, 4-hydroxy-3-iodo, or 4-hydroxy-3,5-
bpl1-01, respectively. Inclusion of additional residues N- diiodo). All analogues had activities lower than that of bp1-
terminal to the proline resulted in a peptide that was only 01 (Table 4). NMR data collected on the 4-methyl and
8-fold reduced in its level of binding for thie-i + 7 case. 3-methoxy variants indicate that the overall bp1-01 fold is
For these tight binding peptides, a well-folded helix is maintained, and that intense ROE peaks were observed
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Table 3: Relative Activities of bp1-01 Locked-Helix Variants

. ot b 3 c o d
analogue sequence’ ;eclj:(lr\ileu?)(;;l(‘jt?(/w 9 (ﬁg’m ?}ggm))
bp1-0t CRAGPLOWLCEKYFG 1.0 1.65 0.28
bpl(i+ DA ac-LXWLAEKYXG >360 0.80 0.09
bpl(i + 7)B ac-PLXWLAEKYXG 20 1.46 0.15
bpl(i+7)C ac-RAGPLXWLAEKYXG 7.7 1.95 0.18
bpl(i+7)D ac-RAGPLXWAAEKYXG >200 1.75 0.09
bpl(i + 8)A ac-LXWLAEKYFX >200 n.d. n.d.
bpl(i + 8)B ac-PLXWLAEKYFX 2.8 1.16° 0.19°
bpl(i + 8)C ac-GPLXWLAEKYFX  3.1¢ 1.29/ 0.19
bpl(i + 8)D ac-RPLXWLAEKYFX 7.7 1.37 0.17
bpl(i + 8)E ac-AGPLXWLAEKYFX 2.8¢ 1.04° 0.12¢
bpl(i+8)F ac-RAGPLXWLAEKYFX 5.9 n.d. n.d.
bpl(i+ 8G ac-RAGPLXWAAEKYFX >200 0.59 0.09

a X indicates the glutamate residues connected via the 1,5-diaminopentane iRledative inhibitory activities were determined from thedC
for inhibition of IGFBP-1 binding to immobilized IGF-1 in BIAcore competition assays; the inhibition by the analogue peptigeni@] is
compared to the inhibition by bp1-01 [igfwt) = 1.1+ 0.7 uM]. ¢ The rms differences o¥un-na between the analogue listed at the left and the
unfolded cysteine to serine analogue (bp1-06); “unfolded” coupling constants for the linker residues and Alal0 (previously cysteine) were taken
from GIn7 or Ala3 in bp1-06. NMR data were not analyzed for the analogues indicated By'he.rms differences in Hchemical shift between
the analogue listed at the left and the unfolded cysteine to serine analogue (bp1-06); “unfolded” chemical shifts for the linker residues and Alal0
(previously cysteine) were taken from GIn7 or Ala3 in bp1-06. NMR data were not analyzed for the analogues indicated\dyRdiata were
collected in the presence of 35% (v/v)ds-acetonitrile to limit self-association of the peptid&MR data collected at pH 3.0 due to precipitation
at pH >3.5. 9 Activity determined in 2.5% DMSO because of limited peptide solubility. The relative activity is compared to that of bp1-01 under
these conditions [I€(bp1-01)= 5.5+ 0.2 uM].

between the newly introduced methyl group and side chain important side chains of bp1-01 with some of the IGF-I side
atoms of Leu9 and Leu6 (Figure 5). The most likely chainsimplicated in binding to IGFBP-1 (Phel4 with Phe25
explanation for these data is that the additional substituentsof IGF-I, Leu6 with Valll of IGF-I, Leu9 with Leul0 of
partially or completely fill the surface cavity on bp1-01 and, IGF-I, and Tyr13 with Val44 of IGF-I; see Figure 6A). The
as a result, perturb binding to IGFBP-1. However, we note important IGF-I residues, Glu3 and Phe49, are not mimicked
that the extra atoms are proximal to important IGFBP-1- by bp1-01 in this model; these additional contacts by IGF-I
binding residues Leu6 and Leu9; hence, the decrease in thenay explain its 106-1000-fold tighter binding affinity for
level of binding may also be due to some perturbation of IGFBP-1. However, this overlay does show how the short
the surface of bp1-01 in this region other than filling the sequence of bp1-01 can mimic several residues from different
cavity. regions of IGF-I that are not close in sequence but are close
Surface Similarity of bp1-01 and IGE-IPrimary and in space.
secondary structure comparisons between IGF-I and bp1-01 Although a number of structures have been published for
failed to produce a common sequence that might be anIGF-1 and its variants26—29), they are all ill-defined due
epitope for IGFBP-1 binding. However, the phage-derived to the poor quality of the NMR spectra. The low spectral
peptides are able to compete with IGF-I for binding to quality has been attributed to a combination of self-
IGFBP-1, and presumably, bp1-01 and IGF-I have partially association and conformational exchange broade &0,
overlapping binding sites on the binding protein. Thus, bpl- 31), and the dynamic nature of the protein has been
01 likely mimics some portion of the surface of IGF-I. investigated by heteronuclear relaxation experime8. (
Mutagenesis of IGF-I has recently identified the side chains Although there is variation in the exact orientation of the
of Glu3, LeulO, Phe25, and Phe49 as having 20-fold side chains of IGF-I within and among these NMR en-
reduced level of binding to IGFBP-1 when replaced with sembles, in all cases the hydrophobic residues described
alanine (6). The latter three residues form part of a surface- above do form a solvent accessible patch. Moreover, in the
exposed hydrophobic patch that also includes Valll, Leul4, minimized mean structure determined by Cooke et28),(
and Val44 [using the minimized mean structure of Cooke et the molecular surfaces of IGF-1 and bp1-01 have similar
al. (26)], and likely constitutes the IGFBP-1 binding surface. shapes in this region (including the cavity described above
We hypothesize that the hydrophobic patch on bpl1-01 for bp1-01; Figures 5 and 6), suggesting that they may bind
mimics this surface of IGF-1 when it binds to IGFBP-1. On to a common site on IGFBP-1. The poor definition of IGF-I
the basis of this analysis, IGF-I and bp1-01 were manually structures precludes us from making more detailed predic-
superimposed so as to overlay in three dimensions thetions about the importance of this cavity for IGF-1 binding
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FiGURE 5: Analogues of bp1-01 lacking the surface cavity. (A)
FicUrRe4: Structural comparison of locked-helix peptides with bp1- Surface representation of the minimized mean bp1-01 structure with
01. (A) Ensemble of 20 structures for the locked-helix peptide bp1- the obvious cavity seen above the Phel4 side chain. The surface

(i + 7)C (blue) are overlaid on the minimized mean bp1-01 structure POCKet is denoted by the dotted line. Atoms are color coded
(white) using the N, € and C atoms of residues GlPhel4. according to atom type. (B_)_Modeled structure of_ analogue v_vlth
The side chain heavy atoms of Glu7 and Glu14 and the amide linker 3-Methoxy Phel4; the additional methoxy group is colored pink.
of the locked helix are colored pink. (B) Ensemble of 20 structures At right is a section of the ROESY spectrum showing the ROEs
for the locked-helix peptide bpiL¢- 8)D (blue) are overlaid on the  ffom the methoxy methyl group at 3.60 ppm to the side chains of
minimized mean bp1-01 structure (white) using the N, &hd C Leu6 and Leu9 justifying the location of the methoxy group in the
atoms of residues GIr7Gly15. The side chain heavy atoms of ~Modeled structure. (C) Modeled structure of analogue with 4-methyl
Glu7 and Glu15 and the amide linker of the locked helix are colored Phe14; the additional methyl group is colored pink. At right is a
pink. This figure was prepared using the program Insightll (MSI, Section of the ROESY spectrum showing the ROEs from the methyl
San Diego). group at 1.98 ppm to the side chains of Leu6 and Leu9 justifying
the location of the methyl group in the modeled structure. This
figure was prepared using the program Insightll (MSI, San Diego).
and the exact shape of the IGF-I surface when bound to
IGFBP-1. ties are the causative agent for a particular disease state.
DISCUSSION prever, unl_ess some means of delivery to a target site
within cells, tissues, or the vasculature can be established
A growing body of work suggests that phage display of [e.g., by injection into the bloodstream or coupling with an
nave peptide libraries is a reliable way of generating peptides agent that will be actively transported across membranes
that bind to a wide range of protein targei§). Moreover, (32)], peptides are not usually considered as readily bio-
these ligands often bind in a manner that modulates biological available drug candidates. Since the phage-derived peptides
function, for example, by blocking proteiiprotein interac- presumably bind to their targets using a covalent arrangement
tion surfaces , 8—10) or interfering with the catalytic =~ of amino acids that is distinct from the natural ligands or
processes of an enzym@&)( Molecules having these char- substrates, these peptides do provide new insights into how
acteristics hold great potential as drug candidates in casedinding can be achieved. Understanding the details of the
where specific proteinprotein interactions or enzyme activi- interaction can potentially lead to the design of novel, small
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Table 4: Affinities for bp1-01 Hole-Filled Analogues

relative activity  3Jun-ne® O(HY)C
ICso(mut)/ICso(wt)  (Hz)  (ppm)

wild type 1.0 1.65 0.28
4-methyl Phel4 22.8 1.74 0.27
3-methoxy Phel4 7.2 1.59 0.24
4-hydroxy-3-iodo Phel4 790 nd nd
4-hydroxy-3,5-diiodo Phel4 213 nd® 0.24

@ Relative inhibitory activities were determined from thesd@or
inhibition of IGFBP-1 binding to immobilized IGF-I in BlAcore
competition assays; the inhibition by the analogue peptide(tit)]
is compared to the inhibition by bp1-01 Egwt) = 1.1 £+ 0.7 uM].

b The rms differences ofJun-na between the analogue listed at the
left and the unfolded cysteine to serine analogue (bp1-06). NMR data
were not analyzed for the analogues indicated by ¢fAdhe rms
differences in i chemical shift between the analogue listed at the left
and the unfolded cysteine to serine analogue (bp1-06). NMR data were
not analyzed for the analogues indicated byaissay performed with

1% DMSO to limit self-association of the iodotyrosine peptides. The
relative activity is compared to that of bp1-01 under these conditions
(ICs0= 5.5+ 0.2uM). e NMR data were collected in the presence of
15% (v/v) ds-acetonitrile to limit self-association of the peptide; due
to line widths and low concentratioAJun-na could not be measured
accurately.

organic molecules that bind in a fashion similar to that of
the peptide but show more favorable oral bioavailability
characteristics.

Structural analysis must play a key role in understanding
the arrangement of atoms in the phage-derived peptide that
recognizes a target protein. This can be most readily
accomplished by an experimental determination of a pep-
tide—protein complex structure; such data cannot always be
obtained readily. Although peptides of fewer than 20 residues
rarely adopt stable, compact folds, our studies indicate that
the phage optimization process not only results in tight
binding but also often produces peptides that are highly
structured when free in solutio®,(7). Such cases provide
a structural framework in which structuractivity data may
be rationalized.

The current studies focus on inhibiting the interaction FIGURE6: Comparison of the IGFBP-1 binding site on bp1-01 and
between IGF-I and IGFBP-1. Thus far, the latter has not been!GF-I- (A) IGF-I (white tube and pink rods) is overlaid with bpl-

s 01 (blue tube and rods) so as to superimpose a humber of the side
amenable to structural characterization by X-ray crystal- chains that are important for IGFBP-1 binding (see the text). The

lography or NMR methods. As a further complication, the minimized mean structure of IGF-1 was used [PDB accession
natural ligands to IGFBP-1 (IGF-1 and IGF-II) do not provide number 2GF126)]. (B) Surface representation of bp1-01 [mini-

a good starting point for structure-based design of antagonistgnized meang)] with the hydrophobic side chains that are important
as their structures are poorly defined by the available NMR for binding colored blue. The common surface depression is

data 0628 d th I h f i between Leu6 and Phel4 and is denoted by the dotted line. (C)
ata @ ), and they may also change conformation on gy tace representation of IGF-I (minimized mean structure from

binding @0). Thus, the study of phage-derived peptide ref 26) with the side chains that are most important for IGFBP-1
inhibitors of the interaction provides a unique way of binding shown in pink 16). The important surface depression is
undertaking a structure-based design of small molecule t_aetween Phe25 and Valll and is denoted_ by the dotted Iine. This
antagonists. Since bp1-01 is highly structured, it provides a f19Ure was prepared using the program Insightll (MSI, San Diego).
suitable starting point for the generation of a pharmacophore
model. replacement of Gly4 with alanine also leads to a dramatic
The exposed hydrophobic surface of bp1-01 represents aloss of binding. However, additional substitutions in and
likely binding site for IGFBP-1, and this hypothesis was around the turn (e.g., Pro5 to arginine, threonine, or
given extra weight by the conservation of these residues in asparagine; Trp8 t8-naphthylalanine or histidine) had only
phage-randomization experiments (Figure 1A and Table 2 a modest effect on binding. In summary, the hydrophobic
of the Supporting Information). Subsequent alanine-scan datapatch (including the C-terminal turn of helix), the disulfide
indicated that the central leucine of this patch (Leu9) and bond, and some features of the turn prior to the helix are
the peripheral hydrophobic residues (Leu6, Trp8, Tyrl3, and important determinants of IGFBP binding (Figure 7).
Phel4) all had a significant effect on IGFBP-1 binding when  The reduced level of binding observed for these analogues
replaced (Table 1 and Figure 1B). Replacement of both does not necessarily indicate that the removed atoms should
cysteine residues with serine, C-terminal truncations, or be included in a pharmacophore model; in addition to the
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binding and by providing direct contacts to the target protein.
Deconvolution of a pharmacophore model from peptide
analogue data is not straightforward, and detailed structural
analysis of many peptide analogues may be necessary for
understanding these systems.

The generation of a pharmacophore model based on the
structure of a free peptide assumes that the peptide does not
alter its conformation significantly on binding. Even though
the helical conformation of bp1-01 is maintained at temper-
atures exceeding 5% (5), the noncovalent interactions that
stabilize the compact fold of bp1-01 could be disrupted on
binding. To probe this, the side chains of the helix important
for binding were transferred to an alternate scaffold that is
less dependent on noncovalent interactions for stability. This
scaffold utilizes a covalent tether between side chains at
positionsi andi + 7 ori + 8 in the helix that are-10 A

, apart in the original bpl-01 structure?). Structures

FicURe 7: Summary of bpl-01 features that are important for yetermined for two of these peptides demonstrate such a
IGFBP-1 binding. A helical scaffold (pink, stabilized by the h - -
disulfide bond and hydrophobic packing, orian -+ 7 or 8 covalent scaffold enforces a conformation that is very similar to bp1-
tether) presents a hydrophobic patch (Leué and Leu9, blue) O1 at both the backbone and side chain level, particularly
surrounded by a layer of aromatic residues (light blue). A turn prior for thei—i + 8 version (Figure 4). Moreover, the locked-
ke s 3 s ot b ol 15 . 1 peptides e able o bind 0 IGFBP-1 nearly as ighty
1. This figure was prepared using the program Insyightll (MSI, San as bp1-01 (Tab'9 3). Given the (_:onstralned nature_of_the
Diego). tether, conformational reorganization of the helix on binding

to IGFBP-1 is unlikely; hence, the presentation of the
removal of a direct IGFBP-1 contact, the altered binding hydrophobic side chains from a helical backbone conforma-
could result from a perturbation of the peptide conformation tion is necessary for these peptides to bind to IGFBP-1, and
that is necessary for binding. To discriminate between thesethis conformation is preserved in the bound state.
two possibilities, NMR data were analyzed for many of the ~ Moving to the locked-helix scaffold allows reduction of
analogues. Removal of the disulfide bond or replacing Gly4 the peptide size via N-terminal truncation (this is precluded
with an L-amino acid led to poorly structured peptides, inbpl-01 due to the N-terminal cysteine residue). In the case
suggesting that the loss of helical structure affects binding of the bp1-01 mimics, two or more residues are required
rather than the loss of a direct contact. Replacement of theN-terminal to the constrained portion for a folded, helical
leucines led to a significant loss in structure, demonstrating conformation to predominate. The truncation series reported
that the helix is important, but direct contacts from the in Table 3 indicates that potent molecules are obtained with
leucine side chains are not identified unequivocally from three residues N-terminal of the constrained portion, but
these data. Removal of the aromatic side chains does notdding more than three residues does not improve the
perturb the structure of bpl-01 significantly; hence, the affinity. Since the structure of the-i + 7 locked-helix
decrease in the level of binding of these analogues can bescaffold does not depend on noncovalent interactions within
attributed to direct contacts with IGFBP-1. Deletion of the the macrocyclic portion of the molecule, the importance of
C-terminal tail of the helix (Lys12, Tyrl3, Phel4, and Gly15) side chains within the helix can be evaluated. For example,
resulted in very poor inhibition (Table 3). However, NMR replacement of Leu9 with alanine in the locked-helix context
analysis of bpl-04 (Figure 3) indicates that C-terminal results in @& 200-fold decrease in the level of binding (Table
truncation does not affect the structure of the N-terminal 3); NMR analysis of this peptide indicates that the helical
portion of the peptide. Thus, “structural perturbation” caused structure is preserved in thei + 7 case. Taken together,
by the C-terminal deletion does not appear to be playing a these two observations imply that the side chain atoms of
role, and the loss of favorable interactions between IGFBP-1 Leu9 do make direct contacts with IGFBP-1. Thus, moving
and the C-terminal residues of the helix explain the inhibition to an alternate scaffold that is more rigid not only tests our
data. understanding of the arrangement of side chains in the bound

This analysis highlights that in addition to the disulfide state but also allows discrimination between structural and
bond, hydrophobic interactions play a crucial role in stabiliz- direct contact effects on binding.
ing the compact fold observed in the selected peptide. Such Previously, analysis of structur@ctivity data has allowed
intrapeptide hydrophobic interactions were also important the successful transfer of epitopes from small cyclic peptides
in the case of a phage-derived peptide that binds to FVlla (six to eight residues) of nonphage origin to organic
(7) and also appears to be important from the bound molecules either by design (e.g., see r88-37) or by
structures of peptides that recognize the erythropoietin screening focused combinatorial librari@8{40). Although
receptor, an antibody Fc domain, or a portion of gp41 from bp1-01 is highly structured and selective for human IGFBP-1
HIV-1 (3, 9, 10). Such clusters of hydrophobic side chains (bp1-01 does not bind to other human IGF binding proteins
may be a common feature of compact peptides derived fromor to the ~70% identical rat IGFBP-1), this peptide is
phage display libraries. Given the small size of these peptides,significantly larger than the peptides that have previously
this inevitably means that some side chains will play a dual been “minimized” in this fashion. Transfer to the locked-
role by stabilizing the peptide conformation necessary for helix scaffold allows N-terminal truncation to an 11-residue
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peptide, in the case of bgti + 8)B, that has activity within used in their synthesis. We also thank Dr. Robert McDowell
3-fold of that of the 15-residue parent. However, the main for many interesting discussions at the outset of this work.
elements of the pharmacophore model described in Figure

7 are still spread over two turns of helix and occupy an area SUPPORTING INFORMATION AVAILABLE

of ~10 A x ~12 A. Moreover, the interactions are  Taples describing (1) details of the structure calculations
predominantly hydrophobic in nature (even allowing for the (numper of restraints, quality, and precision of the resulting

possibility of polar interactions with the carbonyl oxygen stryctures), (2) the degree of conservation of residues in
atoms in the C-terminal turn of helix of bpl1-01). Thus, phage randomization experiments, and'8chemical shift

designing an organic scaffold to display such an epitope assignments and scalar coupling measurements for the
while retaining solubility in aqueous buffers presents a peptides whose structures were calculated. This material is
significant challenge. available free of charge via the Internet at http://pubs.acs.org.

A key feature of phage-derived peptides is that their
REFERENCES

primary sequence is distinct from that of endogenous ligands.
However, the peptides often compete for binding with the
native protein, and hence in some way mimic the presentation
of atoms within the native ligan®). A detailed mutational
analysis of IGF-I has recently identified the surface regions
responsible for IGFBP-1 bindind §). The binding surfaces

on IGF-I and bp1-01 are both predominantly hydrophobic

in nature, and we hypothesize that they recognize the same 4.

region of IGFBP-1. Alignment of IGF-I and bp1-01 so as to
overlap the hydrophobic side chains reveals a similarity in

surface shape and suggests how the peptide is able to mimic g,

the surface of IGF-I (Figure 6). Interestingly, in the modeled
superposition of the common binding surfaces (Figure 6),
the helix of bp1-01 does not coincide with any of the IGF-I
helices, yet the peptide is able to produce a surface with
features similar to those of the protein.

In conclusion, we have used a combination of phage

selection, peptide synthesis, structural characterization, and

molecular modeling to investigate the manner in which the
phage-derived peptide bpl-01 recognizes IGFBP-1. The
highly structured nature of the initial phage-derived peptide
provides a framework for understanding details of the

interaction with IGFBP-1, even in the absence of a complex
structure (Figure 7). Due to the compact, hydrophobic nature
of the bpl-01 fold, structural characterization of peptide

analogues was crucial for identifying direct contacts with

IGFBP-1. Presentation of the binding residues in a more rigid
context confirms that structural features observed in the

original phage-derived peptide are present in the bound state.

These data are invaluable in evaluating whether the peptide-
binding site on IGFBP-1 is amenable to targeting via a small
molecule drug. The approach of using structtaetivity data

on a structured, phage-derived ligand might be a generally
useful way of discovering and optimizing molecules of
biological interest, even in cases where the receptor (or
endogenous ligand) is not amenable to structural character-
ization. We note that small, compact clusters of hydrophobic
residues have been observed at the binding interface of
several phage-derived peptide3 (7, 8, 10); hence, the
deconvolution of structural effects from receptor contacts is
likely to be a recurring issue. Nonetheless, these studies
demonstrate that this approach does hold promise in under-
standing molecular interactions of pharmaceutical interest.
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