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ABSTRACT: A family of structured peptides that bind todRla, the a-chain of the high-affinity receptor

for IgE, has been identified. Binding selections usingMc and polyvalent peptide-phage libraries yielded

a dominant 18-residue peptide-phage clone, as well as related sequences that did not resemble fragments
of IgE. Synthetic peptides based on these sequences inhibited IgE binding to its receptor, and were found
by NMR analysis to adopt a stabfehairpin structure in solution. Optimized peptides with micromolar
receptor affinity exhibited high stability in biological fluids and inhibited cellular histamine release in an

in vitro bioassay of IgE activity. The structuractivity relationships of these peptides, which are less
than 1% of the size of IgE, suggest an overlap between their binding site and that of IgERInHuus,

the peptides demonstrate that blocking a small epitope on this receptor chain is sufficient to block IgE
activity. Such structured peptides represent a possible starting point for the design of novel antagonists,
and offer the potential for testing in vivo a new approach for treating allergic disease.

Allergic or atopic disease is a widespread and growing receptor-bound IgE leads to receptor aggregation, triggering
health problem; skin test surveys suggest that more than 50a cascade of events in the allergic respo®elltimately,
million people in the United States are affected by allergies this activation of cells results in the release of soluble
(2). In 1990, an estimated 6 billion dollars was spent on immune mediators such as histamine, and the symptoms
treating allergic asthma alone in the United Sta®ys The associated with allergy.
amount becomes even more staggering when combined with Historically, therapeutics for allergy have been directed
the cost of treating other forms of allergic disease such asat reducing the degree of inflammation, vasodilation, and
allergic rhinitis, atopic dermatitis, and food allergies. Such congestion. However, recent strategies target the molecules
numbers stimulate the development of more efficacious involved in initiating the allergic cascadd(—17). The
therapeutics that treat the disease directly. premier example is the monoclonal antibody E25, which acts

The molecular mechanisms underlying allergic responses,by binding to IgE, thus inhibiting its binding to ERI (13).
which involve IgE, have been elucidated over the past severalE25 (generic name, Omalizumab; trade name, Xolair) has
decades. IgE is produced in response to exposure to foreigralready demonstrated clinical efficacy in reducing the severity
substances (allergens) and circulates in the body in the freeof allergic diseasel@), showing the potential for drugs that
form and bound to cell-surface receptofd.(The high- prevent interaction of IgE with its receptor. Among other
affinity IgE receptor, known as ERI, is expressed as a possible inhibitors are protein fragments, such as truncated
multimeric complex predominantly on mast cells and baso- IgE-Fc, that bind to the receptor, disrupt IgE binding, and
phils (for reviews, see re# and5), and usually consists of  prevent activation of cells3( 15, 16). In addition, both
ana-subunit, g3-subunit, and a disulfide-linked homodimer-  blocking and nonblocking antibodies have been reported for
ic y-subunit. IgE binding to the receptor occurs only through the IgE receptor5, 17).
the a-subunit and does not require the presence of the other = Given new drug delivery technologies, small peptides may
subunits ). The structures of free and IgE-bound forms of also represent drug candidatés){ however, linear peptides
FceRla! have recently been revealed by X-ray crystal- derived from FeRla have shown weak binding affinity at
lographic studies?, 8). Allergen binding to cell-surface, best (12). Peptides designed by modeling a loop region of

_ _ : the natural receptor sequence have been reported to inhibit
Bat]lr}iJsér'l:J)(:ture of IGEQG is available from the RCSB Protein Data IgE (11). Inhibition through binding to the receptor side of

* To whom correspondence should be addressed. Telephone: (650)th€ interface might be considered more difficult, especially
225-1171. Fax: (650) 225-3734. E-mail: hbl@gene.com. since structural studies show two sites of interaction on

ﬁggpg\rrttmgr?tt 815 giféiéfir;ﬁgg&ee%ﬂg% FceRla with IgE (8). Moreover, linear peptid_es.d_e'rived from

1Abgreviations: COS%(, two-dimensi())l'nal correlated spectroscopy; the IgE sequence have_ shown only weak |nh|b|t|b9).(_To .
Fc, constant domain region of IgG or IgE;dRia., extracellular domain ~ our knowledge, no peptides or small molecules that bind with
of the a-chain of the high-affinity IgE receptor; ERIlo-lg, FeeRla high affinity and specificity to FeRlo. have been reported.

fused to the Fc region of human IgG; NOE, nuclear Overhauser effect; ; ; ;
NOESY, two-dimensional NOE spectroscopy; PBS, phosphate-buffered We have investigated whether structured peptides can be

saline; ROESY, rotating frame Overhauser effect spectroscopy; SPR, identified for binding to the receptor side of the lgkeceptor
surface plasmon resonance; TOCSY, total coherence spectroscopy. interface. Unlike linear peptides, such molecules are poten-
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Hairpin Peptides That Inhibit IgE Binding to ERI

tially stable in biological fluids, and therefore could be tested
in vivo as IgE antagonists. To identify such molecules, we
used phage libraries to select and affinity-mature novel
peptides that bind FRIo. and inhibit IgE binding. The

peptides themselves do not activate cells at high concentra-

tions, but do act as functional antagonists in allergen-driven

cell-based assays. Remarkably, these peptides form stable

B-hairpin structures in solution and are not readily degraded
in biological fluids. Analyses of peptide analogues have

delineated the binding determinants on these peptides that

interact with a site likely within the IgE binding site of
FceRlo. These small peptides (MW 2000) demonstrate
that novel molecules, unrelated in primary sequence to IgE
(MW =~ 200 000), can function as EeI antagonists in vitro,

and suggest that small-molecule antagonists of the receptor

could be developed.

EXPERIMENTAL PROCEDURES

Peptide-Phage Binding Selections and Assags néve
peptide libraries with a diversity of-10® were displayed
polyvalently on the N-terminus of gVIlIp of M13 filamentous
phage under transcriptional control of #g..promoter 20,

21). The peptides were 180 residues in length, containing
random sequences with fixed cysteines for possible disulfide
formation as described previousBQj. Libraries were pooled
according to their peptide motifs as follows: group 1,
SGTACX,GPX,CXy; group 2, XCX,GPX4CXy4; group 3,
Xa0; and group 4, XCX4CX;, X7CXsCXe, XeCXeCXe,
XGCX7CX5, X5CX3CX5, X5CX9CX4, and X4CX;|_0CX4.
Phagemids were transformed into XL-1 Bl&scherichia
coli cells for propagation using VCSM13 helper phage
(Stratagene, La Jolla, CA) according to standard methods
(21). Binding selections were performed in Maxisorp im-
munoplates (Nalge, Rochester, NY) coated witkFa-1g
[described elsewher®)] and blocked with assay blocking
buffer (PBS containing 0.5% bovine serum albumin). Phage
(1019 in 100uL of binding buffer [PBS (pH 7.4) containing
0.5% bovine serum albumin, 0.05% Tween-20, and 0.005%
Triton X-100] were added to eight wells for-3 h at 24

°C. Some selections also included a peptide (1)

corresponding to g8a.37 (see Figure 1) as a competitor. Wells

were rinsed 10 times with wash buffer (PBS containing
0.05% Tween-20). Bound phage were elutgdeb7 min

incubation with 0.2 M glycine (pH 2.0), then neutralized with
1 M Tris, and used to re-infect XL-1 BIUE. coli cells for

propagation and subsequent rounds of binding selectio
DNA from selected peptide-phage clones was sequence
using standard Sequenase (Amersham, Piscataway, NJ
procedures.

In phage ELISAs Z1) for binding to FeRla-Ig as well
as in those testing for inhibition of binding by IgE, phage
were diluted 1/100 in binding buffer and added ta:Rin-
Ig-coated Maxisorp plates fd. h at 24°C in the presence
and absence of 2g/mL human myeloma-derived IgR22).
Plates were rinsed with wash buffer and developed with
horseradish peroxidase-conjugated anti-M13 antibody (Phar-
macia, Uppsala, Sweden) aagbhenylenediamine substrate.
After addition of 2.5 M HSO,, the absorbance was deter-
mined at 492 nm.

n.
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No. at round n:
Clone  Sequence n=2 3 4 5
g8a37 MGTLICL E[GP[EGWF[C[l ESA - 12 8
g8a20 TGEAICMEIGP[GAWVIC[CLEP 1 8
g8a18 QEWTICM E|GP[RGWE[c| AV L 5 1
g8a19 DGSLICIFE|IGPMWGD IlclasDG 4 0
g8b11 E| QE 215 18 -
g8b35 AEAT 2 315 -
g3 GTDV 100
g8b22 NY EE 110
g8b23 GRP S|C|l E[GPISGL 110
gial NLPRICTEGPWGWVCMAAD 1
g2 HLPEICTEGPWGWVCMAAD 1
g33 NLPTICTEGPWGWVCMAAD 1
g3a4 VMPTICTEGPWGWVCMAAD 1
g5 AMAQ CTEGPWGWVCMAAD 1
g6 GRAQCTEGPWGWVCMAAD 1
gla7 DLPACTEGPWGWVCMAAD 1
gla8 GRTEICTEGPWGWVCMAAD 1

Ficure 1: Peptide-phage clones. Fixed residues are shown in boxes.

Identical or similar residues conserved in multiple clones with the
highest frequency are shaded. The number of clones found with
identical DNA sequences is shown at specified roungs of
selection. The first set of sequences (g8a series) refers to clones
obtained from initial selections from the,EX,GPX,CX, library,

the second (g8b series) to those obtained from a second series of
selections from the XCX,GPX,CX, library, and the third (g3a
series) to those obtained from a monovalent phage-display library
based upon clone g8b.35.

mutagenesis3) with oligonucleotides encoding the desired
peptides and a previously described gllip phagemid template
(20, 23). Individual peptide-phage clones were propagated,
purified, and sequenced as described above. Competitive
peptide-phage ELISAs for relative affinity determinations
were carried out as described previoush)(

Peptide Synthesi®eptides were prepared either manually
or by machine, typically on a 0.25 mmol scale using standard
solid-phase peptide chemistrg4) with FMOC-protected
amino acids 25) on ap-alkoxybenzyl alcohol resirn2g), or
on a Rink amide aminomethyl resi2%). Couplings were
performed with 2-4 equiv of HBTU-activated amino acid
and 4-5 equiv of N-methylmorpholine or diisopropyleth-
ylamine. FMOC protecting groups were removed with 20%
piperdine in DMA. Cleavage and deprotection with TFA
containing 5% triisopropylsilane and 1% water afforded
crude linear peptides after washing the resin with diethyl
ether and extracting the resin with increasing amounts of
H.0O in acetic acid and acetonitrile. Disulfide oxidation was
carried out at room temperature via dropwise addition of a

eptide until a yellow color persisted. The excess iodine was

uenched with Zn dust, and the solution was suction-filtered
through Celite and lyophilized. The crude cyclized pep-
tides were purified by preparative reverse-phase C18 HPLC
(CH;CN/H,O gradient, 0.1% TFA) to afford the purified
material (generally>98% by analytical HPLC) which was
characterized by electrospray ionization mass spectrometry
(Sciex API1100) and lyophilized to dryness.

NMR Spectroscopyrwo-dimensional (2D) NMR experi-
ments were carried out on a Bruker AMX-500 spectrometer
at 15°C with a sample containing 2 mM IGEO06 in a 92%
H>0/8% D,O mixture (pH 5.7) and 0.1 mM Naj\Nwith 0.1
mM DSS as a chemical shift reference. 2QF-COSY, COSY-

dEaturated solution of iodine in acetic acid to the crude linear

Peptide sequences from selected gVIlip phage clones were35 (with a 35 ms mixing pulse), TOCSYr{ = 74 ms),

transferred to a monovalent display format using site-directed

ROESY ¢m = 150 ms), and NOESYzf, = 150 ms) spectra



9830 Biochemistry, Vol. 40, No. 33, 2001 Nakamura et al.

were acquired as described previoushg)(using gradient mmol) to give a final concentration of 0.75 nM, and
coherence selectio29) or excitation sculpting30) for water incubation for 45-60 min at 4°C. Cells were washed with
suppression. After lyophilization and dissolution of the assay buffer to remove unboun¥]IgE. The cells were
peptide in RO, 2D NOESY ¢y, = 150 ms) and COSY-35  solubilized in 200uL of 1 N NaOH for 10 min, and then
spectra were acquired. Complété resonance assignments transferred to a microtube for-counting.

(see Table S1 of the Supporting Information) were derived  peptides were tested in a modified histamine-release assay
from these data by standard metho88)(*Jun-n. values  (34) to determine whether they stimulated histamine re-
were obtained by fitting Lorentzian lines to the antiphase |ease themselves and whether they prevented histamine
doublets of HN-Ha peaks in 2QF-COSY spectra processed release in response to ragweed and ragweed-specific IgE.
to high digital resolution irF2; *Jun-na values for Gly8 and  Briefly, 4 x 10* RBL-48 cells 85), which express human
Gly11 were obtained from analysis of the COSY-35 spectrum FceRlo, were cultured overnight in a Falcon 96 flat mi-
acquired in HO. 3Jy,—ns values were extracted from COSY-  crowell dish. For testing peptide stimulation, 0.5 mM peptide
35 spectra acquired on a,O solution of the peptide. was added with incubation fdl h at 37°C in a 5% CQ
Distance and dihedral angle restraints were generated asumidified incubator. The medium was removed and assayed
described previously3@). Eighty initial structures were  for histamine as described below. For testing peptide
calculated using the hybrid distance geometry/simulated inhibition, peptides were diluted (generally in triplicate) and
annealing program DGII33); 50 of these were further  added to cells for 15 min at 24C, followed by addition of
refined by restrained molecular dynamics using the AMBER 5 4| (420 ng/mL) of ragweed-specific IgE plasma (North
all-atom force field implemented in DISCOVER as described American Biologicals, Boca Raton, FL) and incubation for
previously 82). Twenty structures having the lowest restraint 2 h as described above. To this mixture was addedL16f
violation energy and good geometry were chosen to represent 0 ,g/mL ragweed allergen (Hollister Stier, Spokane, WA),
the solution conformation of IGE06. The structure with the and the mixture was incubated for 30 min. The medium was
lowest rmsd from the average coordinates of the ensembleassayed for histamine levels using a commercial histamine
was chosen as the representative structure (model 1 in thegISA kit (IM2015, Coulter/lmmunotech, Marseille, France).

Protein Data Bank file). Concentrations of released histamine as well as concentra-
Peptides were also evaluated to assess the effect ofjons (1Gy) of peptides required to inhibitP]IgE binding
substitutions on their three-dimensional structures using 2D o nistamine release were determined by fitting the data with

NMR spectroscopy; backborikl resonances were assigned four-parameter curves using Kaleidagraph software.
and3Jun-ne coupling constants measured and compared to

those of the reference peptide (IGE06). Peptides were definedResyULTS
to have a structure similar to that of IGE06, provided the
chemical shifts, coupling constants, and NOEs were consis- Selection of FeRla-Binding Peptides from Peptide-Phage
tent with that structure. Peptides were defined to be less stabld-ibraries. Peptide libraries displayed in a polyvalent phage
when3Juy-na coupling constants were less extreme than the format were used to search for antagonists of the high-affinity
reference (e.g3Jun-no changes fron=9.0 to <8.5 Hz) and/ IgE receptor. Such libraries have often yielded relatively
or when chemical shifts of backbone resonances were closeismall, structured inhibitors of enzyme activity or protein
to random-coil values in the analogue than in IGEQ6. protein interactions 20, 36, 37, reviewed in ref 38).
Peptide Binding Assays Using Surface Plasmon Resonancd-ollowing each round of selection, an enrichment factor, the
(SPR)A BlAcore 2000 SPR instrument was used to compare ratio of phage specifically binding ERIla-Ig versus those
the relative peptide binding affinities for purified recombinant binding a control, was determined. Only one library, encod-
FceRlo (residues £172) from insect-cell expression (un- ing the degenerate peptide,GX.GPX,CX,4, exhibited an
published results). For these experimentgRfa. (residues increase in the level of enrichment: 15-, 670-, and 320-fold
1-172) was immobilized at densities of 1068000 re- in rounds 3-5, respectively. Screening of individual clones
sponse units (RU) on carboxymethyl dextran biosensor chipsfrom rounds 3 and 4 indicated that more than 95% of the
(CM-5; BlAcore, Inc., Piscataway, NJ) using the surface- clones specifically bound FERIa-lg, with little or no
thiol method as described by the manufacturer. Lyophilized detectable binding to plates coated with albumin or an 19G
peptide preparations were dissolved in 100 mM Hepes buffer antibody. In addition, 95% of the positive clones were
(pH 7.2), then diluted serially into PBS containing 0.05% inhibited from binding the receptor in the presence of IgE,
Tween-20 and 0.01% NaMand injected at a rate of L€/ suggesting that the peptide phage bound at or near the IgE
min. The amount of peptide bound at steady state wasbinding site on the receptor.

measured as the difference betweesRia and blank flow Interestingly, by round 3 of our initial selections, only four
cells at a point when the SPR signal was constant with time different peptide sequences were found (see Figure 1, g8a
(approximately 10 s prior to the end of injection). series); more than half the sequenced clones had the sequence

Cell-Based Binding and Aclity Assays For binding (08a.37) MGTLCLEGPEGWFCIESA. The remaining clones
inhibition assays, CHO-3D10 cells, which express the humanwere related in sequence, having several residues con-
FceRlow subunit @), were cultured overnight in Falcon 96  served: Glu7, Glyll, Trp12, and a hydrophobic residue (Leu,
microwell plates (5x 10* cells per well). Peptides were Val, or Phe) at position 6. All contained the fixed residues
diluted in assay buffer, F12/DMEM (Life Technologies, Gly8 and Pro9, as well as Cys5 and Cysl14, suggesting a
Rockville, MD), 1% bovine serum albumin, 0.05% NgN  possible disulfide-loop structure. A peptide, IGEO1, based
and 100 mM Hepes (pH 7.2), at initial concentrations of50  on clone g8a.37 was synthesized and found to inhibif{

500 uM. This was followed by the addition of 5L of IgE binding to FeRI-expressing CHO-3D10 cells, although
lodogen-labeled'fA]IgE (specific activity, 1608-2300 Ci/ weakly, with an estimated g of >160uM (Figure 2).
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Peptide Sequence IC,(uM) S.S. A 70
5
iEa 2 60
TEG © 504
-EI1QECTEG - : 2 0
IGE04 Ac-NL PRCTEGPWGWVCMAAD-nh; 15 ++ 2 .
IGEO5 Ac-NL PRCTE GP WGWV CM=nh, 18 - 30—
IGEOB Ac-NL PRCTE GP WGWV CM 18 ++ S 50
IGE07 . NLPRCTEGPWGWVCM 10 ++ 8
GEoB8 = NLPRCTEGPWGWVCI 14 10
IGEFO9  NLPRCTEGPWGWV C:nh, 13 ++ o .8 .7 & ‘& ‘4
IGET0 . NLPRCTEGPWGWYV CM:nh; 08 107 107 107 107 10" 10
L TEGPWGWV CM hhz 3.3 Peptlde (M)
o TEGPWGWYV CM-nh, 34
TEGPWGWV Cii -nh, >500 B 250
IGE14 Ac-NL PRCAE GPWGWV CM 6.9 E 200 ¢
IGE15 Ac-NL PRCT AGP WGWV CMAAD -nh, 10 g
IGE'6 ' NLPRCTEAPWGWVCM 160 ++ 5 150
IGE77 . NLPRCTEGAWGWVCM >500 ++ S
IGEl8 = NLPRCTEGpWGWVYCM >500 8 100
IGE19 Ac-NL PRCT EGX,WGWV CM 23 ++ w50
IGE20 Ac-NL PRCTEGX,WGWV CM 44 + o N
IGE21 Ac-NLPRCTE GX,WGWV CM 84 O_W
IGE22 Ac-NL PRCTE GX,WGWV CM 360
IGE23 Ac-NL PRCTE GX, WGWV CM >500 ++ 10° 10® 107 10° 10° 10*
IGE24 .| NLPRCTEGPAGWVCM 82 o .
IGE25 2 NLPRCTEGPWAWVCM 43 + Competitor (M)
IGE26 Ac-NL PRCTEGP WaWVCM 86  ++ 600
IGE27 Ac-NL PRCTE GP We WV CM 17 4+ C
IGE28 = NLPRCTEGPWGAVCM 120 + 500
IGE29 Ac-NL PRCTE GP WGxXV CM 12 4+ S 4004
IGES0 Ac-NL PRCTE GP WGWACM 14 =
IGE31 = NLPRCTEGPWGWYCM 130 ++ 2 300
FicurRe 2: Synthetic peptide analogues. In each peptide, a disulfide £ 200
bond connects the two Cys residues. Shaded positions indicate 2 100
changes vs the IGE06 sequence. Non-natural amino acid substitu- T 0—

tions are as follows: ay-Ala; e, b-Glu; p, b-Pro; %, L-pipecolic
acid; %, N-methylalanine; ¥ N-methylglycine; %, L-octahydroin-
dole-2-carboxylic acid; g hydroxyproline; and & 2-naphthylala-
nine. Ac- and -nhindicate N-terminal acetyl and C-terminal amide
groups, respectively. The activity of peptides in cell-based IgE bind- Ficure 3: Assays of peptide IGE06 binding and activity. Typical
ing assays (see Figure 3B) is shown as the meag(iicromolar). experiments are shown. (A) A direct binding assay using SPR for
Errors (standard deviation) in gwere generally:30—50%. All measuring the relative affinities of peptides foreRto. Serial
peptides that have a structural score (SS) have been evaluated byjilutions of peptide were injected over a biosensor chip coupled
NMR (see Experimental Procedures) and found to have)(  with FeeRla. The amount of peptide bound over background at
structure similar to that of IGEO6;H) structure similar to that of steady state yields an estimate of peptide binding affinitys¢EEC
IGEQS, but less stable, or-] structure different from that of IGE06.  standard error) of 1.% 0.1 M in the experiment whose results

. . are shown. (B) Binding inhibition usiné?3-labeled IgE. Cells
In a second series of selections on thg2X,GPX,CX, expressing human ERIa were incubated with cold IgEQ) or

library, peptide IGEO1 was included at AW as a competitor  serial dilutions of peptide IGEO@). The 1G; (+ standard error)
to promote recovery of higher-affinity variants. At rounds 2 measured for IGE06 inhibition of IgE binding was 0.250.17
and 3, all sequenced clones appeared to be related to g8a.37M in this experiment. (C) Cell-based activity assay of histamine
and no new clones were found in round 4 (Figure 1, g8b release (meat standard deviation of triplicate samples). IGE06

. - inhibited IgE-induced histamine release from basophils expressing
series). _Peptldes bas_ed on each of these sequences Welgman FeRla with an 1Gsy of 7.9 + 2.2 uM in the experiment
synthesized. The peptide g8b.35 was not soluble in the cell-whose results are shown.
based binding assay buffer; however, peptide IGE02 (Figure
2) was fully soluble and inhibited{]IgE binding to FeRI
on cells with an IG, value of 37uM, a >4-fold improvement
in activity over the IGEO1 peptide.

10° 10® 107 10° 10° 10*

Peptide (M)

on cells with an 1G, value of 1.5uM, representing a more

than 100-fold improvement over the initial IGEOL peptide

and a 25-fold improvement over the IGEO2 peptide (Figure
Optimization of Peptides by Mopnalent Phage Display.  2). Comparison of IGEO05 with IGEO3 shows that changes

We used monovalent phage display (see &fand38) as in the four N-terminal residues improved affinity4-fold.

a means of selecting higher-affinity peptide variants. Phage Peptide Minimization and Analoguedruncations of

clones g8b.11 and g8b.35 (see Figure 1) were used as startingeptide IGE04 showed smaller inhibitors were possible

templates (“wild-type”), and new libraries were constructed
with randomization in the four N-terminal, the eight loop-
region (including the previously fixed Gly-Pro), and the four
C-terminal residues. Only the g8b.35 N-terminal library
exhibited significant binding enrichment. A small sampling

(Figure 2). IGEO06, a 15-residue peptide with an acetylated
N-terminus and a free C-terminus, was particularly soluble,
and inhibited IgE binding to cells expressing human IgE
receptors, with an 16 of 1.8 uM. SPR steady-state binding
measurements confirmed that the peptides bind tdRFec

of sequences revealed N-terminal sequences with no overalrather than to IgE. IGEO6 was found to have a binding
consensus, except for Pro3, and a hydrophobic residue atffinity of 1—2 uM (Figure 3A), in excellent agreement with

position 2 (Figure 1). A synthetic peptide, IGE04, based on the 1G value determined from the cell-based inhibition
clone g3a.1 (Figure 1), inhibited?fl]IgE binding to FeRI assays (Figure 3B,C).
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No significant differences in affinity were observed with
modifications of the N-terminal amine or C-terminal acid
(IGEO05, IGEQ7, and IGE10; Figure 2). IGE11, a 14-residue

peptide, truncated by one residue at the N-terminus and three

residues at the C-terminus, exhibited argl@ithin 2-fold

of that for the 18-residue peptide IGE04. However, IGE09
and IGE12, which have further truncations compared to
IGE06, demonstrated significant reductions of-2D-fold

in the level of binding inhibition; IGE13, truncated by four

N-terminal residues, showed no detectable inhibition (Figure
2). Thus, the three residues preceding the first Cys and a

hydrophobic residue (Met lle) following the second Cys
are needed for high-affinity binding in this series.

In an initial Ala scan, using phage-displayed peptides, Ala
substitution of Vall3 led to a 13-fold reduction in the level
of binding, while substitutions at Leu2, Pro3, Arg4, and Thr6
each resulted in an only-26-fold loss in the level of binding
(data not shown).

Synthetic peptides tested the role of individual side chains

in receptor binding (Figure 2) and in stabilizing peptide
structure (see below). Ala substitutions at Gly8 (IGE16),
Pro9 (IGE17), and Trpl12 (IGE28) caused 160500-, and
120-fold reductions in the level of binding, respectively.
Ala substitutions at nearby positions Trpl0 (IGE24) and
Glyl1 (IGE25) also caused significant (480-fold) reduc-
tions in affinity. On the other hand, replacement of resi-
dues Thr6 (IGE14), Glu7 (IGE15), and Vall3 (IGE30) with
Ala resulted in only 4-8-fold losses in affinity for each. Tyr,
a larger hydrophobic residue introduced for potential radio-
labeling, was not tolerated as well as Ala in place of
Vall3 (IGE31). The specificity of the peptide’s side chain
interactions with FeRlo is demonstrated particularly by a
series of “proline analogues” which show that the Pro9
side chain is difficult to replace without loss of activity
(Figure 2).

Binding of the peptides to human &Rla appears to be
highly specific. For species specificity testing, we radiola-

Nakamura et al.

FiGure 4: Solution structure of IGE06. (A) The ensemble of 20
structures, showing side chains for residue4.8 only. Side chains

are colored on the basis of their importance for peptide structure
or function, as judged by the effects of substitutions (from most
important to least, red orange> blue). (B) All heavy atoms of

the representative structure for IGE06 are shown, except for the
side chains of residues-# and 15, which are not shown for clarity.
The view shown in panel B represents & 96tation from that
shown in panel A. The backbone rmsd from the mean coordinates
of the ensemble for residues-34 is 0.31+ 0.06 A (0.58+ 0.09

A for all heavy atoms).

favored region ofp— space, with none in the disallowed
or generously allowed region89).

IGEO6 is composed of tw@-strands comprised of resi-
dues 5-8 and 1114, connected by a typegstturn centered
at residues Pro9 and Trpl0 with Glyll adopting a posi-
tive ¢ angle; Arg4 and Metl5 extend tifiestrands in some
of the models (Figure 4). The three N-terminal residues

beled murine IgE and rat IgE, and tested binding on murine (Asnl, Leu2, and Pro3) are not well-defined by the NMR

(MC/9; ATCC) or rat (RBL-2H3; ATCC) cell lines express-
ing the high-affinity IgE receptor as described above. No
inhibition of murine IgE or rat IgE binding to murine or rat

data and appear to be more flexible in solution than residues
Cys5-Cys14; the major species in solution has Pro3 in the
trans conformation, although the cis form can also be

cells, respectively, could be detected with peptide concentra-detected.

tions as high as 50M (data not shown).
Structure DeterminationAnalysis of IGE06 by NMR

Analysis of peptide variants of IGE06 showed that many,
but not all, retained this structure (Figure 2). In IGE06, the

spectroscopy revealed strong evidence that this peptideside chain of Trpl2 packs against the disulfide bond and
adopts a well-defined three-dimensional structure in solution. contributes to the stability of the peptide as evidenced by
Backbone and side chain coupling constants #hdeso- comparison of NMR data obtained from a peptide with Trp12
nance frequencies are significantly different from those substituted with Ala (IGE28). The disulfide bond is essential
expected in an unstructured peptide (E&n-no values are  for stabilizing the hairpin conformation; there is no evidence
>9.0 Hz for Cysb, Thr6, Trpl0, Vall3, and Cysl4, and of stable structure when excess reductant (dithiothreitol) is
3Jna—np values indicate that the side chains of residues Cys5, added to the NMR sample. Gly11 (in position 4 of the type
Thr6, Trp10, and Cys14 have fixed angles). Moreover, | B-turn) adopts a positive angle; this backbone conforma-
peaks in NOESY and ROESY spectra indicate that there aretion can only be readily attained by glycine, which explains
many protor-proton contacts<5 A) between residues that ~ why the structure of a peptide with Gly11 replaced with Ala
are not adjacent in the primary sequence. The structure ofis significantly less stable (IGE25). Howeveramino acids
IGEO6 was calculated from a total of 109 distance and 16 readily adopt this conformation as seen in peptides with
dihedral angle restraints as described previou3B).(The Glyl1ll replaced withp-Ala (IGE26) or b-Glu (IGE27).
final ensemble of 20 models satisfies the input data very Importantly, NMR analysis of peptides having alanine
well, having no distance or dihedral angle restraint vio- substitutions for Gly8, Pro9, and Trp10 (IGE16, IGE17, and
lations greater than 0.1 A or 2respectively. The structure  IGE24, respectively) indicates that these substitutions do not
also has good covalent geometry as judged by the programdisrupt the hairpin structure, yet have a significant impact
PROCHECK with 72+ 11% of the residues in the most on Fe&Rla binding affinity (Figure 2).
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even the initial peptide-phage clones were blocked from
_ binding to FeRIa by IgE. Synthetic peptides derived from
these sequences not only inhibited IgE binding teFHa
but also inhibited histamine release from cells in the low
micromolar concentration range. Binding was specific for
human IgE receptor, with no detectable binding to murine
] 1] or rat receptors (each’50% identical in sequence to the
< human form). Significantly, the peptides alone did not induce
histamine release from cells, even at concentrations exceed-
ing that needed for receptor saturation.
A comparison of the sequences of the selected phage
i o ) __ peptide clones with FRla, IgE, and other peptides reported
Ficure 5: Peptides do not cause signaling through the high-affinity

IgE receptor. Basophils expressing humaefie. were incubated to inhibit IgE binding to receptor failed to reveal similarities.
with Triton (to release total cellular histamine), buffer control, Moreover, a database search (Dayhoff database, March 23,

ragweed with IgE, 50:M peptide IGE04, or 50tM peptide 2001) revealed no peptide or protein sequences that were
IGEO6. The level of histamine release was measured as describecconvincingly similar to that of IGE06. The most closely

Histamine (u M)

Triton
Buffer
IGEO

IGEO7

Ragweed

for the experiment whose results are shown in Figure 3C. related peptides were from peptide phage with CXXGP-
600 WXXXC motifs identified for binding to an insulin-like

T 500 growth factor binding protein20) or for binding to the
& 400 o erythropoietin receptor3g). Thus, the peptides described
T here appear to use novel binding determinants for binding
3 300 o FceRlo at a site overlapping that for IgE binding.
W 200 — o Design of improved antagonists requires further informa-
T 100+ tion about the relationship between peptide structure and
8 O T function. Remarkably, IGE06 and its analogues form stable

4 p-hairpins with type | turns. Interestingly, phage-peptide
selection based solely on optimizing binding affinity appears
to have also selected for residues that stabilize the hairpin

FIGURE 6: Stability of hairpin peptides. IGE06 was incubated for conformation. For example, Trp was selected at position 12,

24 h at 37°C in murine serum(), lung lavage M), or minced in the non-hydrogen-bonded position of thhairpin

lung tissue ), and then the results were compared with an IGE06 ggjacent to the disulfide bond. Studies with model systems

standard @) in an IgE binding inhibition assay as in Figure 3B. have shown that Trp is by far the most stabilizing natural

amino acid in this position 40). Furthermore, residue
a§ubstitutions that decrease the stability of the hairpin structure
also reduce the binding affinity, suggesting that the peptide
adopts a similar structure when bound tocRi.

Conversely, individual Ala substitutions at Gly8, Pro9, or
Trp10 do not disrupt the hairpin structure, yet each results
in a significant decrease in receptor binding affinity, im-
plying that these residues make direct contact with receptor.
For Trpl0, the contact requirements are not extremely
stringent as a large hydrophobic group, 2-naphthylalanine,
substitutes as well (Figure 2). Residuesld form a type |
SB-turn that can only readily be accommodated in a hairpin,
provided the residue at the position of Glyll adopts a
positive ¢ angle. Indeed, replacement of Gly1l1l witkAla
testabilizes the structure of the peptide and causes a 40-
fold decrease in affinity, whereas replacement vatila
or p-Glu has little effect on structure or activity. Taken
together, the contributions to the binding affinity made by
Gly8, Pro9, and Trpl0 appear to require the specific
eometry presented in IGEOQG.

The largest impact on binding was found for substitutions
of Pro9. No detectable binding was observed when Pro9 was
DISCUSSION replaced with ala}r_ﬂne (IGE17) despite_ the fact that the

structure and stability of the turn were indistinguishable from

Direct binding selections from ina& peptide-phage librar-  those of IGE06 (not shown). As of yet, attempts to improve
ies using the high-affinity IgE receptor led to identification the affinity with analogues at Pro9 (Figure 2) have not
of a novel class of disulfide-constrained peptides that form resulted in increased binding affinity, but have confirmed
stableS-hairpin structures in solution. Although an immu- the importance of this residue, and suggest that there is a
noglobulin fusion of the entire extracellular domain of proline-shaped pocket on the surface of the receptor where
FceRIa provided many possible epitopes for peptide binding, this residue binds. Interestingly, in the crystal structure of

10® 107 10° 10° 10
Peptide (M)

Biological Assays of Peptide Aditiy. A cell-based potency
assay demonstrated that peptide IGEO6 acts as a function
antagonist by inhibiting allergen-induced activation of RBL-
48 cells, an FeRI-expressing basophil cell line3¥9),
expressing human ERIlo. IGE06 demonstrated an dgof
<10 uM (Figure 3C), whereas control peptides had no
activity in inhibiting histamine release.

The peptides themselves were tested for activating the
receptor by incubating peptides with RBL-48 cells at a high
concentration (0.5 mM) and assaying for released histamine.
Importantly, no release of histamine was induced following
incubation with peptides IGEO4, IGE07, and IGE12, or the
control peptide (Figure 5). In contrast, cells exposed to IgE
and ragweed allergen did cause histamine release. Thus
peptide binding does not lead to receptor activation.

To test for peptide susceptibility to proteolytic digestion,
peptides were incubated at 3 for 24 h in mouse serum,
lung lavage fluid, or homogenized lung tissue, and then
assayed for activity in inhibiting'f3]IgE binding to cell-
surface-expressed &Rl. None of these treatments resulted g
in loss of peptide activity (Figure 6).
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the IgE-FceRlo. complex, there is a proline on IgE (Pro426) ACKNOWLEDGMENT
that packs intimately between two tryptophans (Trp87 and

Trpl10) on the receptor, forming a so-called “proline : L :
+ ; : ; Struble and J. Dotson for peptide purifications, R. Shields
sandwich” €). This type of interaction appears to be for advice on cell-based assays, P. Lester for the receptor

conserved in all Fc receptotg complexes, as the two d10E. J. St for baculovirus-derived ;
tryptophans are conserved in all Fc receptors, and the prolinean gk, <. stamos for baculovirus-gerived receplor prepara-
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occupying this important site of interaction on the IgE discussions.

receptor. Othe_r binding determinants, perhaps stemming froMg PPORTING INFORMATION AVAILABLE

interactions with Val13 and residues near the N-terminus of

the peptide, could confer the observed specificity for human Resonance assignments and coupling constants for IGE06

FceRla. at 288 K and pH 5.7. This material is available free of charge
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